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ABSTRACT 


Viscous  fingering  during  immiscible  displacement  in  porous 
media  was  studied  as  a  problem  of  hydrodynamic  stability  to  determine 
the  range  of  displacement  parameters  for  which  the  usual  mathematical 
predictions  of  immiscible  displacements  may  be  undertaken  with 
confidence.  The  necessary  and  sufficient  conditions  for  the  onset 
of  instability  were  derived  by  perturbation  theory.  The  resulting 
theoretical  stability  boundaries  were  verified  by  adverse  mobility 
ratio  displacements  in  cylindrical  cores  in  the  presence  and  absence 
of  connate  water  saturation.  Measurements  conducted  on  the  viscous 
fingers,  which  were  successfully  photographed  with  the  aid  of  a 
fluorescent  displacing  water,  permitted  the  estimation  of  the 
capillary  parameter  required  for  the  quantitative  prediction  of  the 
onset  of  instability. 

Experimentally,  instability,  indicated  by  viscous 
fingering,  was  observed  both  in  the  presence  and  absence  of  connate 
water  saturation.  However,  for  the  same  fluids  and  porous  media, 
the  phenomenon  occurred  at  a  much  lower  rate  in  the  absence  of 
connate  water  than  in  the  presence  of  connate  water  saturation. 

In  both  systems,  the  onset  of  instability  was  attended  by  a 
noticeable  decline  in  the  breakthrough  oil  recovery. 

Theoretically,  instability  will  occur  whenever  certain 
universal  dimensionless  groups  exceed  their  critical  values.  In 
cylindrical  and  rectangular  systems,  the  stability  boundaries 
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are  given  by  the  inequalities: 
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In  applying  the  stability  tests,  the  velocities  should  be  in  cm/sec, 
viscosities  in  poise,  lengths  in  cm,  interfacial  tensions  in 
dynes/cm  and  permeabilities  in  cm2.  For  the  particular  porous  medium 
and  fluids  used  in  this  study,  the  capillary  constant,  C*,  was 
estimated  as  5.45  in  the  absence  of  connate  water  saturation  and 
306.25  in  the  presence  of  connate  water  saturation. 
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CHAPTER  1 


INTRODUCTION 

1.1  THE  NATURE  OF  THE  PROBLEM 

The  displacement  of  one  fluid  by  another  in  a  porous 
medium  forms  the  basis  of  most  enhanced  oil  recovery  processes  in 
the  petroleum  industry.  Whether  it  be  a  waterflood,  a  steamflood, 
a  polymerflood,  or  a  surfactantf lood,  in  every  case,  one  fluid  is 
called  upon  to  displace  another  in  an  efficient  manner. 

Frequently,  the  displacing  fluid  is  less  viscous  than  the 
displaced  fluid.  This  arrangement  has  long  been  recognized  as 
unfavourable  to  the  displacement  efficiency.  In  addition  to  this 
inherent  inefficiency,  the  less  viscous  displacing  fluid  may  "shoot" 
through  the  porous  medium  in  the  form  of  macroscopic  fingers,  grossly 
bypassing  the  resident  fluid,  thus  resulting  in  a  general  impairment 
of  the  displacement  effort.  This  channelling  phenomenon,  which  is 
distinct  from  that  which  may  be  legitimately  attributed  to 
permeability  stratification  or  other  gross  inhomogeneities  in  the 
system,  has  come  to  be  known  as  viscous  fingering. 

Although  it  is  generally  recognized  that  an  adverse 
viscosity  ratio  is  a  necessary  condition  for  viscous  fingering,  it 
is  by  no  means  a  sufficient  condition.  Other  factors,  such  as  the 
displacement  rate,  the  gravitational  forces,  the  capillary  forces 
and  even  the  system  geometry  play  some  role  in  the  occurrence  of  the 
phenomenon.  The  complex  interaction  of  these  variables  to  create 
viscous  fingering  has  historically  been  studied  using  stability 
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concepts,  following  the  identification  of  fingering  as  a  form  of 
hydrodynamic  instability  by  Engelberts  and  Klinkenberg  (1). 

Instability  raises  several  practical  and  theoretical 
concerns.  Viscous  fingering  results  in  the  premature  breakthrough 
of  the  displacing  fluid,  creating  in  effect  a  pipeline  from  the 
injection  to  the  production  point.  At  the  theoretical  level, 
instability  would  seriously  undermine  the  validity  of  the  mathematical 
predictions  of  the  displacement  behaviour.  Although  the  numerical 
solutions  of  the  equations  of  immiscible  displacement  have  been 
perfected  in  recent  years,  the  forecasts  from  these  solutions  will 
be  seriously  in  error  if  the  displacements  being  modelled  are 
unstable.  Furthermore,  the  conventional  scaling  procedure  based  on 
the  assumptions  of  stable  displacements  may  no  longer  be  sufficient 
to  relate  laboratory  results  to  field  prototypes  in  the  presence  of 
instab i 1 ity. 

A  systematic  study  that  would  result  in  the  identification 
of  the  stability  boundaries  during  immiscible  displacements  will 
therefore  be  of  practical  and  theoretical  value.  First,  it  will 
provide  guidance  on  the  choice  of  displacement  parameters  to  ensure 
a  stable  and  efficient  displacement.  Second,  it  will  delineate  the 
region  of  flood  operation  within  which  the  mathematical  predictions 
may  be  applied  with  confidence.  Finally,  such  a  study  would  lead 
to  universal  scaling  groups  that  will  permit  the  prediction  of 
prototype  behaviour  using  model  results  in  the  face  of  instability. 
The  identification  of  the  stability  boundaries  during  immiscible 
displacements  forms  the  broad  objective  of  the  present  study. 
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1.2  NOTIONS  OF  STABILITY  THEORY 

Although  no  universal  definition  of  stability  exists,  a 
common  theme  seems  to  permeate  all  stability  definitions.  It  is  the 
quality  of  being  immune  to  small  disturbances  (2).  For  example, 
certain  flow  patterns  in  hydrodynamics  which  are  possible  in  theory 
are  often  unrealizable  in  practice  over  certain  ranges  of  flow 
parameters  because  of  their  inability  to  sustain  themselves  against 
the  small  but  inevitable  disturbances  that  occur  in  physical  systems. 
Such  flows  are  therefore  classified  as  unstable.  It  is  with  the 
differentiation  of  the  stable  from  the  unstable  configurations  of  the 
permissible  mode  of  operation  that  stability  theory  is  concerned  (3). 

A  stability  analysis  is  usually  motivated  by  the  observation 
that  the  mathematical  model  of  the  process  being  studied  appears  to 
correlate  well  with  the  physical  process  over  some  range  of  the 
system  parameters,  but  fails  to  do  so  at  others.  Stability  theory 
then  assumes  that  the  potential  for  this  departure  of  the  physical 
process  from  the  mathematical  prediction  is  inherent  in  the  governing 
mathematical  equations  and  may  be  revealed  by  an  appropriate 
stability  analysis.  Stability  analysis  therefore  seeks  to  bridge 
the  gap  between  theory  and  reality  when  both  appear  to  be  at  odds. 

The  steps  involved  in  conducting  a  stability  analysis 
using  perturbation  concepts  may  be  summarized  as  follows  (4).  First, 
an  unperturbed  state  whose  stability  is  being  studied  is  specified. 
This  will  be  in  the  form  of  a  mathematical  model  of  the  functioning 
of  the  system  under  consideration.  In  the  displacement  of  one  fluid 
by  another  in  porous  media,  the  unperturbed  behaviour  is  generally 
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modelled  by  systems  of  nonlinear  partial  differential  equations. 

Next,  the  system  is  disturbed  slightly  from  the  unperturbed  state, 
and  the  subsequent  behaviour  of  the  disturbance  or  perturbation 
observed  over  the  course  of  time.  Mathematically,  this  amounts  to 
deriving  the  differential  equations  of  perturbative  terms  introduced 
into  the  dependent  variables  of  the  partial  differential  equations 
of  the  unperturbed  system,  and  studying  the  behaviour  of  their 
solutions  over  the  course  of  time.  Finally,  the  stability  conclusion 
is  drawn  based  on  the  behaviour  of  the  perturbations.  If  the 
perturbations  grow  with  time  and  become  unbounded,  then  the 
unperturbed  system  is  unstable.  If  the  perturbations  are  damped  with 
time,  then  the  unperturbed  system  is  stable.  If  the  perturbations 
neither  grow  nor  die  out  during  the  course  of  time,  then  a  state  of 
neutral ity  exists. 

In  some  situations,  there  is  often  a  close  correspondence 
between  the  physical  and  mathematical  aspects  of  the  stability 
analysis.  In  such  situations,  both  the  unperturbed  state  and  the 
perturbations  take  on  concrete  physical  meanings.  For  example,  it 
is  easy  to  appreciate  the  growth  of  a  perturbation  leading  to 
instability  when  a  cone  balanced  on  its  apex  tumbles  to  its  side 
when  slightly  disturbed.  In  more  complex  situations,  such  as  flow 
through  porous  media,  the  correspondence  between  the  mathematical 
and  the  physical  aspects  of  the  stability  analysis  is  not  as  close. 
One  has  to  stretch  one's  imagination  to  appreciate  the  significance 
of  a  pressure,  a  velocity,  a  fractional  flow  or  a  saturation 
perturbation.  In  these  situations,  the  stability  analysis  often 
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unavoidably  takes  on  the  appearance  of  an  exercise  in  mathematical 
manipulations,  which  may  seem  to  have  little  to  do  with  a  physical 
process.  Be  this  as  it  may,  the  stability  analysis  is  still  valid. 
The  connection  between  the  mathematical  analysis  and  instability  in 
the  real  system  is  preserved  inasmuch  as  the  equations  from  which 
the  stability  analysis  originates  constitute  an  adequate  model  of  the 
physical  process.  In  simple  as  well  as  complex  systems,  instability 
must  of  course  be  signalled  by  a  recognizable  physical  symptom  in  the 
real  process.  In  the  previous  example,  the  cone  will  fall  on  its 
side  catastrophically  to  signal  instability  whereas  in  the  case  of 
displacements  in  porous  media,  viscous  fingers  will  develop  as  a 
mark  of  instability. 

The  steps  involved  in  conducting  a  stability  analysis  are 
easy  to  state  but  difficult  to  implement.  This  is  because  the 
resulting  perturbation  equations  are  usually  highly  nonlinear  and  as 
such  are  not  easily  amenable  to  analytical  solutions.  It  is 
therefore  often  mathematically  expedient  to  assume  that  the 
perturbations  are  infinitesimally  small  so  that  nonlinear  terms  may 
be  neglected.  This  approximation  results  in  a  linear  stability 
theory  in  contrast  to  a  nonlinear  theory  which  attempts  to  allow  for 
finite  perturbations.  The  linearized  perturbation  equations  can  then 
easily  be  transformed  into  an  eigenvalue  problem,  the  behaviour  of 
the  solution  of  which  determines  the  stability  classification.  The 
result  of  the  stability  analysis  is  usually  stated  in  the  form  that 
when  certain  critical  values  of  the  pertinent  parameters  are 
exceeded,  the  process  becomes  unstable  and  its  behaviour  can  no 
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longer  be  adequately  predicted  by  the  existing  mathematical  model. 

In  the  linear  stability  theory,  certain  terms  of  the 
original  perturbation  equations  are  neglected  and  the  question 
naturally  arises  as  to  the  influence  of  this  approximation  on  the 
stability  conclusion.  For  example,  could  the  nonlinear  terms, if 
retained, have  reversed  the  stability  conclusion?  Lin  (5)  does  not 
think  so.  It  is  clear  that  the  conclusion  connot  be  reversed  in  the 
case  in  which  the  process  is  judged  stable,  for  in  this  case,  the 
infinitesimal  perturbations  become  smaller  still  and  as  a  result  the 
assumption  that  led  to  the  neglect  of  nonlinear  terms  remains  valid 
throughout  in  time.  In  cases  involving  instability,  Eckhaus  (6) 
maintains  that  the  nonlinear  terms  only  serve  to  limit  the  growth  of 
the  perturbations  to  some  finite  magnitude,  thus  resolving  the 
apparent  contradiction  of  unbounded  growth  of  an  infinitesimal 
perturbation  that  is  a  common  feature  of  the  linear  theory.  A 
linear  theory  is  therefore  adequate  if  the  objective  is  that  of  mere 
stability  classification  whereas  a  nonlinear  theory  would  be 
necessary  if  the  purpose  is  to  predict  the  ultimate  stationary 
character  of  the  perturbations. 

A  number  of  stability  theories  have  been  proposed  in  the 
literature  in  an  attempt  to  derive  the  conditions  that  promote 
instability  and  viscous  fingering  during  immiscible  displacement  in 
porous  media  (7,  8,  9,  10).  Of  these,  the  theory  of  Chuoke, 
van  Meurs  and  van  der  Poel  (7)  is  considered  the  most  authoritative. 
A  major  assumption  of  this  theory  and  others  is  that  of  piston-like 
displacement.  Yet  the  accepted  mathematical  model  of  immiscible 
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displacement  in  petroleum  reservoirs,  hereafter  referred  to  as  the 
Buckl ey-Leverett  model  (11),  indicates  that  under  conditions  of 
adverse  viscosity  ratios  in  which  viscous  fingering  is  likely  to 
occur,  the  displacement  is  anything  but  piston-like.  These  theories 
would  therefore  seem  to  be  founded  upon  a  doubtful  model  of  the 
unperturbed  process.  The  applicability  of  the  theory  of 
Chuoke  et  al.  (7)  even  to  the  Buckl ey-Leverett  type  of  displacement 
has  not  been  fully  explored.  Instead,  a  few  attempts  have  been  made 
to  derive  the  stability  criteria  based  on  the  Buckl ey-Leverett 
equations,  attempts  that  have  only  met  with  partial  success  due  to 
mathematical  difficulties  (12,  13). 

Furthermore,  the  experimental  results  of  Chuoke  et  al .  (7) 
indicated  good  agreement  between  their  theory  and  observations  in 
Hele-Shaw  models  and  in  porous  media  without  connate  water 
saturation.  However,  the  experimental  verification  of  their  theory 
in  porous  media  with  connate  water, which  are  more  representative  of 
petroleum  reservoirs,  was  cursory  and  the  results  inconclusive. 

Also,  since  no  clear  stability  boundaries  emerged  from  their  study, 
their  results  have  not  provided  the  much  needed  practical  guidance 
to  combat  instability  or  even  to  predict  its  occurrence. 

1.3  PURPOSE  AND  SCOPE  OF  THE  STUDY 

The  identification  of  the  stability  boundaries  during 
immiscible  displacements  was  the  broad  objective  of  this  study. 
Specifically,  the  purpose  of  the  study  was 

1)  to  extend  the  theory  of  Chuoke  et  al.  (7)  in  order  to  predict 
the  onset  of  instability  and  viscous  fingering  during  immiscible 
di s  pi acement; 
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2)  to  attempt  a  stability  theory  based  on  the  Buckl ey-Leverett  model 
in  order  to  determine  whether  such  a  theory  would  yield  conclusions 
different  from  those  obtained  from  the  theory  of  Chuoke  et  al.(7); 

3)  to  experimentally  capture  viscous  fingering  in  laboratory  cores 
both  to  verify  the  stability  conclusions  and  to  study  the 
influence  of  fingering  on  oil  recovery;  and 

4)  to  investigate  how  the  experimental  recovery  data  so  collected 
may  be  suitably  scaled  to  permit  the  prediction  of  the  recovery 
behaviour  of  one  system  based  on  the  experimental  data  collected 
on  another,  in  the  presence  of  instability. 

In  recognition  of  the  mathematical  difficulties  encountered 
by  previous  researchers,  only  a  linear  stability  theory  will  be 
attempted  for  the  Buckl ey-Leverett  model.  The  theory  of 
Chuoke  et  al .  (7)  will  be  extended  to  predict  the  onset  of  instability 
in  rectangular  as  well  as  cylindrical  systems.  The  efforts  to 
experimental ly  capture  viscous  fingering  will  be  devoted  to  obtaining 
photographic  records  of  the  displacement  paths  created  by  the 
injected  water  in  laboratory  cores,  while  the  scaling  investigation 
will  be  confined  to  seeking  ways  of  presenting  the  experimental 
recovery  data  collected  on  two  cores  of  the  same  material  but  of 
different  dimensions  so  as  to  plot  as  one  curve.  The  short  core  will 
be  regarded  as  the  model  and  the  long  core  as  the  prototype. 

Parallel  experimental  data  will  be  collected  on  cores  with  and 
without  connate  water  saturation. 
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1.4  ORGANIZATION  OF  THE  REPORT 


As  a  prelude  to  the  stability  analysis,  the  theory  of 
immiscible  displacement  in  porous  media  is  reviewed  in  Chapter  2. 
This  theory  is  broadly  referred  to  as  the  Buckl ey-Leverett  model. 

The  relevant  equations  are  derived  first  in  dimensional  form  and 
then  in  dimensionless  form  to  give  them  the  widest  possible 
application.  The  process  of  casting  the  equations  in  dimensionless 
form  known  as  inspectional  analysis  leads  naturally  to  a  discussion 
of  model  scaling  which  forms  the  second  half  of  this  chapter.  After 
a  brief  comparison  of  the  two  methods  of  deriving  the  similarity 
laws,  the  dimensionless  groups  pertinent  to  the  study  at  hand  are 
derived  by  inspectional  analysis. 

The  studies  of  previous  researchers  related  to  stability 
theory  and  viscous  fingering  during  immiscible  displacement  are 
reviewed  in  Chapter  3.  Mo  attempt  is  made  to  review  all  that  has 
been  published  on  the  subject.  Instead,  only  those  studies 
considered  significant  and  relevant  to  the  present  one  are  reviewed. 
In  particular,  the  theory  of  Chuoke  et  al .  (7)  is  discussed  in 
detail  preparatory  to  its  subsequent  extension  in  Chapter  4. 

Presented  in  Chapter  4  are  the  major  theoretical 
contributions  of  this  study.  Using  the  immiscible  displacement 
equations  of  Chapter  2  and  the  stability  concepts  of  Chapter  1,  a 
stability  analysis  based  on  the  Buckl ey-Leverett  displacement  model 
is  undertaken.  The  chapter  concludes  with  a  successful  extension 
of  the  theory  of  Chuoke  et  al .  (7). 
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The  experimental  set  up  and  procedure  employed  in  this 
study  are  outlined  in  Chapter  5.  Because  the  core  packing  and 
flooding  techniques  are  relatively  standard  and  routine  matters,  they 
are  only  briefly  discussed.  What  is  not  routine,  however,  is  the 
technique  developed  in  this  study  to  capture  viscous  fingering  in 
laboratory  cores. 

Presented  in  Chapter  6  are  the  experimental  results  in  the 
form  of  tables,  graphs  and  photographs  of  the  paths  created  by  the 
fluorescent  displacing  water.  These  photographic  records  clearly 
indicate  viscous  fingers  where  they  exist.  Brief  comments  are  made 
about  the  trends  in  the  experimental  results.  New  scaling  proposals 
are  presented,  and  quantitative  predictions  regarding  the  onset  of 
instability  in  certain  displacement  systems  are  undertaken. 

The  results  of  this  study  are  discussed  in  Chapter  7  both 
from  the  theoretical  and  experimental  standpoints.  The  present 
findings  are  compared  with  those  of  previous  studies,  and  possible 
explanations  of  the  experimental  observations  are  offered.  The 
necessary  and  sufficient  conditions  for  instability  and  viscous 
fingering  are  stated  in  the  light  of  the  results  of  this  study. 

Summarized  in  Chapter  8,  the  last  chapter  of  this  report, 
are  the  major  arguments,  findings  and  contributions  of  this  study. 
Specific  conclusions  are  drawn  about  stability  theories  and  viscous 
fingering  during  immiscible  displacements  in  porous  media.  Also 
presented  are  concrete  proposals  for  scaling  laboratory  recovery 
data  collected  on  geometrically  dissimilar  cores  both  in  the 
presence  and  absence  of  connate  water  saturation.  Suggested  areas 
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of  further  research  are  outlined  to  extend  the  present  study,  to  fill 
in  the  experimental  gaps  and  to  do  some  of  those  things  that  were 

left  undone  at  the  conclusion  of  this  study. 

The  references  are  restricted  to  those  publications  cited 
in  the  text  of  this  report,  while  the  bibliography  contains  other 
publications  that  were  consulted  during  the  course  of  this  study  but 
not  specifically  cited  in  the  final  report. 
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CHAPTER  2 


THEORY  OF  IMMISCIBLE  DISPLACEMENT  AND  MODEL  SCALING 


2.1  IMMISCIBLE  DISPLACEMENT  EQUATIONS 

The  partial  differential  equations  of  immiscible 
displacement  in  porous  media  are  obtained  by  combining  three  types 
of  equations  -  Darcy's  law  for  multiphase  flow,  the  equations  of 
conservation  of  matter  and  the  equations  of  state  for  the 
participating  fluids. 


2.1.1  Darcy's  Law  for  Two-Phase  Flow 

The  law  of  simultaneous  flow  of  two  immiscible  fluids  in 
porous  media  is  given  by  a  generalized  form  of  Darcy's  law.  Let  the 
two  fluids  be  denoted  as  oil  and  water,  where  the  water  displaces 
the  oil.  For  a  homogeneous  and  isotropic  porous  medium,  Darcy's  law 
applied  to  the  water  and  oil  phases  yields 


and 


-K*K  , 

w  rw  /  n  ,  „  \ 

u  =  -  ( v P  +  p  gvz) 

w  u  v  w  Mwa 
w 


-K*Kn 

%  =  -7^  (VP0  +  Po^) 


2.1 


2.2 
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The  z-direction  is  positive  upwards  and  K*  and  K*  are  as  yet 
unspecified  normalizing  permeabilities  used  to  define  water  and  oil 
relative  permeabilities.  A  common  choice  of  normalizing  permeability 
is  the  absolute  permeability  of  the  porous  medium,  but  other  choices 
may  be  more  convenient. 
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There  are  fourteen  dependent  variables  in  Eqs.  2.1  and  2.2. 
These  are:  uwx>  uwy)  V,  uox>  uQy>  V>  Pw.  P0>  Sw>  SQ,  pw>  pq>  yw 
and  pQ.  To  complete  the  mathematical  formulation  of  the  displacement 
model,  eight  more  equations  are  required  to  supplement  the  six 
provided  by  Eqs.  2.1  and  2.2. 


2.1.2  Continuity  Equations 

Two  additional  equations  are  obtained  from  the  law  of 
conservation  of  matter  applied  to  the  water  and  oil  phases  in  a 
region  free  of  sources  and  sinks. 


3(Spw<f>)  + 


2.3 


and 


9(SnPn<l>)  + 

— 3F~  +  v-(poV  =  0 


2.4 


2.1.3  Other  Equations 

The  following  equations  of  state  apply: 


pw  pw<Pw> 


=  ^PwJ 


po  =  yo(Po) 


Next,  a  capillary  pressure  is  defined  as 


P  -  P  =  P  (S  ) 
0  w  cv  wy 


and  the  oil  and  water  saturations  must  of  course  sum  to  unity: 


S  +  S 
o  w 


2.5 

2.6 

2.7 

2.8 


2.9 
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2.10 
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The  above  fourteen  equations  provide  in  principle  a 
complete  mathematical  description  of  two-phase  immiscible  displacement 
as  currently  understood.  To  obtain  solutions  for  the  particular 
displacement  situation  of  interest,  the  equations  must  be  augmented 
with  appropriate  initial  and  boundary  conditions  for  each  of  the 
dependent  variables. 

The  rock-fluid  interactive  properties  -  relative 
permeabilities  and  capillary  pressure  functions  -  must  be  determined 
experimental ly;  alternatively,  analytical  models  may  be  used. 

Typical  relative  permeability  and  capillary  pressure  curves  are  shown 
in  Figures  2.1  and  2.2  in  which  the  displacing  water  is  the  wetting 
phase  and  the  absolute  permeability  of  the  porous  medium,  the 
normalizing  permeability.  The  presence  of  connate  water  saturation 
in  these  curves  at  which  the  relative  permeability  and  capillary 
pressure  functions  take  on  critical  values,  indicates  that  the  theory 
of  immiscible  displacement  outlined  here  is  applicable  only  to 
connate  water  bearing  systems. 


2.1.4  Homogeneous  Incompressible  Fluids 

If  the  fluids  are  homogeneous  and  incompressible,  then  the 
densities  and  viscosities  are  constant.  Furthermore,  in  a  non- 
deformable,  homogeneous  porous  medium,  the  porosity  is  also  constant. 
With  these  assumptions,  the  continuity  equations  simplify  to 
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FIG.  2.1  Typical  Relative  Permea bi I ity  Curves 


FIG.  2.2  Typical  Capillary  Pressure  Curve 
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Adding  Eqs.  2.11  and  2.12  and  using  Eq.  2.10 


V.  (u  +  u  )  =  v.u  =  0 

w  o 


where 


u  =  u  +  u„ 

W  0 


2.13 


2.14 


Various  alternative  forms  of  the  immiscible  displacement 
equations  that  will  be  found  useful  later  are  now  derived. 


2.1.5  Saturation  Equation 

Eqs.  2.1  and  2.2  may  be  rewritten  as 


u. 


w 


i/+i/  /  ■  =  -(vP  +  p  gvz) 

K*K  v  w  ^wa  ‘ 

w  rw'  w 


and 


u 


K*K  /y 
o  ro'  Mo 


-(vPQ  +  P0gvz) 


Subtracting  Eqs.  2.16  from  2.15  yields 

=  vP^,  -  Apgvz 


u 


w 


-> 

u 


KwKrw/pw 


KoKn/po 


where 


Ap  =  Pw  -  po 


Using  Eq.  2.14  to  eliminate  u  from  2.17,  one  obtains 


u. 


w 


u  -  u. 


w 


w 


K*K  /y 
o  ro'  Mo 


=  vPc  -  Apgvz 


which  upon  rearrangement  leads  to 

w  ik*® 


u 


-> 

u 


2.15 


2.16 


2.17 


2.18 


2.19 


Ko*V'-o'  +  Vf>c 


-  Apgvz  2.20 
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Let 


Fw<Sw> 


K£KrvAw 


ttvtV  +  VVo^o 


MK 


rw 


MK  +  K 
rw  ro 


2.21 


where 


M  = 


K^o 

pWKo  ’ 


2.22 


then  Eq.  2.20  becomes 


u. 


w 


K* 

Fu  +  -FK  vP 
w  yQ  w  ro  c 


K*Apg 

— -  F  K  vz 

uQ  W  ro 


2.23 


Using  Eq.  2.22,  2.23  can  be  written  as 


K*  F  K 
w  w  ro 


K*Apg  F  K 

u„  =  F  5  +  Jt  jya  7P  _wfl  vz 

W  W  yw  M  C  Pw  M 


2.24 


Substituting  Eq.  2.24  into  2.11  gives 

3S  /K*  F  K  \  /K*Apg  F  K 

*  ST  +  ^FW“>  ♦  ^  vpj  -  V.U-  ^  VZ|=  0  2.25 


Noting  that 


V-(Fwu) 


F  v .  u  +  u.vF  =  u.vF  , 
w  w  w 


2.26 


Eq.  2.25  simplifies  to 
3St , 

^+P-VFW  +  V- 


^Vroyp 

pw  M  c 
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/K>9  F 

'V  pw 


w  ro 
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vz  =  0 


2.27 


Since  F  ,  P  .  K  ^  and  K  ,  are  functions  of  S.  only,  Eq.  2.27  may 
w  c  r  o  rw  w 

further  be  modified  to  give  the  desired  saturation  equation: 


3S  dF 
w  w  ->  _ 

*W  +  dS-  U-VSW  +  v 

w 


(K  FwKro 

Vw  M 


K  dP 
vjjto_c  s 

M  dS 

w 


)- 


K*Apgvz  .  3S 

w  JL.  (F  v  )  w 

u  M  dS  lVro]  3z 
w  w 


=  0 


2.28 
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2.1.6  Fractional  Flow  Formula 

Dividing  every  term  of  Eq.  2.24  by  the  modulus  of  the  total 
velocity  vector  yields  the  fractional  flow  formula: 


t 


-> 

u 

w 

F  *  + 

w 

w 

1  u  1 

W  |u| 

terms 

of  the 

fractional 

flow 

vP_  - 


KwAp9 


F  K 
w  ro 


i  -*  i 

u  U 

1 


M 


V  z 


2.29 


4 

i  -*  i 

I u  I 


+  v.f  =  o 

w 


2.30 


Eq.  2.30  is  a  generalized  form  of  the  Buckl ey-Leverett  (11) 
displacement  model  with  the  capillary  term  retained.  This  equation 
and  modifications  of  it  will  play  a  dominant  role  in  the  stability 
theory  developed  in  this  study  for  connate  water  bearing  systems. 


2.1.7  Dimensionless  Form  of  the  Displacement  Equations 

When  cast  in  dimensionless  form,  the  immiscible  displacement 
equations  can  be  applied  directly  to  either  a  laboratory  model  or  to 
a  field  prototype.  Moreover,  the  dimensionless  parameters  that 
emerge  naturally  from  the  process  of  nondimensional ization  serve  as 
scaling  groups  which  may  be  employed  to  relate  the  results  of 
laboratory  displacements  to  those  of  the  prototypes. 

To  facilitate  the  dimensionless  formulation,  the  following 
dimensionless  and  normalized  variables  are  defined.  First,  a  dimen¬ 
sionless  nabla  is  defined  as 

v*  =  Lv  2.31 

where 

.  3  .•3.1  3 

-  1  3X  J  dY  -  3Z 


V* 


2.32 
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and 


X 


Next,  a  normalized  water  saturation  is  given  by 


S 


(1 


) 


2.33 


2.34 


Finally,  a  capillary  pressure  curve  based  on  a  generalized 
Leverett's  J-function  (14)  is  defined  as 


CTCOS0 


J(S  ) 

/kaF 


2.35 


As  a  function  of  the  normalized  water  saturation,  the 

relative  permeability  and  capillary  pressure  curves  take  on  simpler 

limiting  values  when  the  permeabilities  at  irreducible  fluid 

saturations,  K  and  K  ,  are  used  to  normalize  the  water  and  oil 

w  I  or 

curves,  respectively.  Typical  curves  are  sketched  in  Figures  2.3 
and  2.4. 

With  the  above  definitions,  the  fractional  flow  formula. 
Eg.  2.29,  takes  on  the  following  dimensionless  form: 


-> 


u 

4.  : 

aCOS0Kwr/f 

FwKro  dJ 

K  Apg 
wr 

FwKro 

1  ->  1 

1 u  1 

lulu  L/K 
w 

M  dS  V  S 

Jul’V 

M 

V*Z 


2.36 
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FIG.  2.  3  Normalized  Relative  Permeabi / 1 ty  Curves 


FIG.  2.  4  Normalized  Cap! I lary  Pressure  Curves 
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Using  a  notation  somewhat  similar  to  those  of  Fayers  and  Sheldon  (15) 
and  Bentsen  (16),  one  may  identify  the  following  dimensionless 
parameters  and  functions: 


Nc  = 

acoseK  >4" 
wr 

2.37 

|u[ywL/K 

Nn  * 

KwrAPgv*Z 

2.38 

'J 

1 

C(S) 

= 

F  K 
w  ro 

M 

dJ 

dS 

2.39 

G(S) 

= 

-> 

u 

_  1  U  1 

Vro] 

M 

F  2.40 

w 

With  this  notation,  Eq.  2.36  takes  on  the  compact  form: 

fw  =  G(S)  -  NcC(S)v*S  2.41 


Eq. 


To  complete  the  derivation  of  the  dimensionless  equations, 
2.41  is  substituted  into  Eq.  2.30  to  obtain: 


<J> 


(1  -  s  .  -  s  ) 

v  wi  or' 


i  -*■  i 

u 


+  1  y*f 

at  L  v,Tw 


=  0 


2.42 


If  a  dimensionless  time  is  defined  as 


T 


u  1 1 


d>L(l  -  S  .  -  S  )  s 
^  v  wi  or' 


2.43 


Eq.  2.42  yields  the  desired  dimensionless  displacement  equation 

as 


-> 


a  +  v*f  =  o 

3t  W 


2.44 
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or  in  cartesian  coordinates. 


as 

9x 


af 


wx 


af, 


9X 


viy 


af, 


wz 


9  Y 


9Z 


=  0 


2.45 


2.1.8  One-Dimensional  Displacement 

Displacement  tests  conducted  in  a  laboratory  core  are 
essentially  one-dimensional.  Suppose  that  the  unidirectional  displace¬ 
ment  is  specified  to  be  in  an  X-direction  which  makes  an  angle,  a, 
with  the  vertical.  Then, 


9f. 


9  Y 


ML  =  o 

V  u  » 


af, 


wz 


9Z 


=  0 


2.46 


and 


af. 


wx 


9f 


w 


9X 


9X 


2.47 


Furthermore,  for  a  core  of  constant  cross-section, 

Q 


l  I 

u 


A 


=  V 


2.48 


Noting  that  v*Z  is  equal  to  cosa,  and  u/ju|  is  unity  in  the  X-direction, 


the  one  dimensional  displacement  equation  becomes: 

as  +!lw  „  o 

9x  9X  U 


2.49 


and 


fw  =  -  NcC'S)  If 


2.50 


where 


acoseK  4 

N  =  - 

VywL/K 


2.51 


V 


KwrApgcosa 


Vy 


w 


2.52 
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and 


2.53 


If  the  core  is  oriented  horizontally,  then 


2.54 


2.1.9  Displacement  Equation  with  Fractional  Flow  as  Dependent  Variable 

The  one-dimensional  displacement  equations,  Eq.  2.49  and  2.50, 
have  two  dependent  variables  -  normalized  water  saturation  and  the 
fractional  flow  of  water.  It  is  possible  to  transform  these  equations 
by  repeated  use  of  the  chain  rule  into  a  partial  differential  equation 
with  the  fractional  flow  as  the  only  dependent  variable,  normalized 
water  saturation  and  dimensionless  time  being  the  independent  variables. 
This  transformation  has  been  demonstrated  in  a  recent  paper  by 
Bentsen  (17). 

In  the  repeated  use  of  the  chain  rule,  it  is  often  advanta¬ 
geous  to  append  subscripts  to  the  partial  differentials  in  order  to 
clearly  indicate  which  variables  are  held  constant  during  the  partial 
differentiation,  and  to  drop  the  subscripts  from  the  final  equations 
at  the  conclusion  of  the  derivation. 

With  this  notation,  Eq.  2.49  and  2.50  become 


2.55 


and 


fw(X,r)  »  G(S)  -  NcC(S)(ff)T 


2.56 


l he  following  functional  relations  are  required: 


S  =  S(X ,x ) 
X  =  X(S,t) 


2.58 


2.57 


' 

V 


' 
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and 


fw  “  fw(S’T) 


2.59 


From  calculus,  Eq.  2.59  and  2.57  yield 


3f„  3f 

dfw  ■  h$T  dS  +  <-5T>s  dT 


2.60 


dS  ’  #xdX  +  (H)Xdt 

Substituting  for  dS  in  Eq.  2.60  using  Eq.  2.61, 

dfw  =  +  C(^)T(|f)x  +  &  dT 


2.61 


2.62 


Thus, 


3f  3f 


2.63 


and 


3  f  3  f  3  f 

h#x  -  (~£K&h +  h#s 


2.64 


Substituting  Eq.  2.63  into  Eq.  2.55,  one  obtains 


#X  +  (%x#x  ■  0 


2.65 


Eq.  2.65  is  a  first  order  partial  differential  equation  which  can  be 
solved  by  the  method  of  characteristics.  It  is  clear  that  the 


characteristic  is  given  by 

3f 


dX 

dx 


=  ( _ 

1  3S  T 


2.66 


along  which 

dS  =  0 


2.67 


That  is, 


S  =  constant 


2.68 


along  the  characteristic.  This  fact  enables  Eg. 2. 66  to  be  written  as 


(iA)  =  (!lw\ 

l3x'S  ^  3S'x 


2.69 


From  Eq.  2.58, 


dX  =  (f$)  dS  +  (|A)sdx 


2.70 


Substituting  Eq.  2.70  into  2.61 

dS  ■  #x#xdS  +  [ (H) X <lf) X  +  €>5^ 


2.71 


Thus , 


(ill  (iA)  =  i 

3X  t  9S  t  ' 


2.72 


Hence, 


(— ) 


3X 


1 


(1A) 

3S  t 


provided  (|j)  is  nonzero. 

Using  Eq.  2.73,  Eq.  2.56  takes  on  the  form: 

fw(S„)  =  G(S)  -  Ncg 

l3S;x 


2.73 


2.74 


Differentiating  Eq.  2.69  with  respect  to  S  and  interchanging  the  order 
of  the  differentiation  on  the  left  hand  side,  leads  to 


32f 

3/3X\  _  ( 

37  7T  t  - 

Integrating  Eq.  2.75  with  respect  to  x, 


2.75 


i: 
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From  Eq.  2.74, 


(M)  . 

'■3S;t=0 


NcC(S) 

fw(S,0)-G(S) 


2.77 


Substituting  Eq.  2.77  into  2.76  yields 


NcC(S) 


NcC(S) 


tw(S,r)-G(S)  =  ‘  ?JS,0)-G(S) 


32f 

(— *)  dT 

3S2  T 


2.78 


Differentiating  Eq.  2.78  with  respect  to  t  and  rearranging  gives 


[fw(s,x)-G(s)]2 :[ 

3S 


w 


3f 

■  NCC<S>3T 


W 


2.79 


which  is  the  required  equation  of  displacement  with  the  fractional 
flow  of  water  as  the  only  dependent  variable  and  the  normalized  water 
saturation  and  the  dimensionless  time  as  the  independent  variables. 

^ 1 • 1 0  Displacement  Equation  with  Distance  as  Dependent  Variable 
It  is  required  in  this  formulation  to  make  the  distance 
travelled  by  the  normalized  water  saturation  the  dependent  variable 
while  the  saturation  and  dimensionless  time  remain  the  independent 
variables.  This  is  the  Lagrangian  viewpoint  of  the  displacement. 

This  Lagrangian  viewpoint  is  obtained  by  first  differentiating 
Eq.  2.74  and  rearranging  as 


a2X 


3f. 


[fw(S>T)-G(S)](^)T+  [(-^)t-  G'(S)](f§)x+  NcC(S)  -  0  2.80 

and  then  substituting  Eq.  2.69  to  obtain 

rfw(S,x)-G(S)]  g+  [(ff)  -  G'(S)](||)t+  NcC'(S)  =  0 


2.81 


. 


M 


< 
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2.2  PERTINENT  SOLUTIONS  OF  THE  DISPLACEMENT  EQUATIONS 

Preliminary  to  the  stability  theory  developed  in  this 
study,  typical  numerical  solutions  of  the  displacement  equations  were 
undertaken  to  gain  insight  into  the  unperturbed  behaviour  of  the 
immiscible  displacement  model.  Such  a  clear  indication  of  the 
anticipated  flood  behaviour  would  serve  to  highlight  the  unusual 
experimental  trends  that  have  motivated  the  appeal  to  stability 
concepts  to  reconcile  observations  with  theory. 

Also  presented  in  this  section  are  the  analytical  stationary 
solutions  of  the  fractional  flow  equation.  These  are  the  Buckley- 
Leverett  solutions  that  will  constitute  the  unperturbed  behaviour 
for  the  proposed  stability  theory. 

2.2.1  Unperturbed  Saturation  and  Breakthrough  Recovery  Profiles 
The  one-dimensional  immiscible  displacement  equation  was 
integrated  by  a  finite  difference  scheme,  using  the  method  of 
simultaneous  solution,  in  order  to  simulate  incompressible  two-phase 
displacement  in  a  laboratory  core.  The  following  rock-fluid 
properties  were  used: 

K  =  K  /K,  =  S2  2.82 

rw  w'  wr 

Kro  =  VKor  ’  1  -  32  2'83 

Pc  =  T^f-7  -  V  2‘84 

W1 

The  Fortran  code  for  the  simulator  and  the  tabulations  of  the 
saturation  and  breakthrough  recovery  predictions  are  presented  in 
Appendix  A. 
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Figure  2.5  shows  a  typical  evolution  of  the  unperturbed 
saturation  profile  at  various  dimensionless  times  for  a  relatively 
high  displacement  rate.  Each  profile  consists  of  a  region  of  steep 
saturation  gradients  which  constitutes  the  front,  followed  by  a 
region  of  comparatively  lower  saturation  gradients.  It  may  be 
observed  that  at  this  rate,  the  front  assumes  a  fixed  shape  soon 
after  the  initiation  of  the  flood  and  thereafter  propagates  through 
the  system  at  a  uniform  speed.  The  flood  is  then  said  to  have 
stabilized  at  this  rate. 

This  stabilization  is  further  illustrated  in  Figure  2.6 
which  shows  the  theoretical  variation  of  the  breakthrough  recovery 
with  a  dimensionless  rate  at  mobility  ratios  of  1.9  and  8.1.  The 
theory  predicts  a  breakthrough  recovery  which  increases  with  rate 
until  stabilization  for  all  mobility  ratios;  the  higher  the  mobility 
ratio,  the  lower  the  recovery  efficiency.  Based  on  this  theory,  a 
subsequent  decrease  in  the  breakthrough  recovery  after  stabilization 
would  constitute  an  unusual  behaviour  to  be  investigated  as  a 
possible  manifestation  of  instability. 

It  is  important  to  draw  a  clear  distinction  between  a 
stabilized  flood  and  a  stable  flood.  Stabilization  represents  the 
attainment  of  a  stationary  state  of  affairs  whereas  stability  implies 
the  attenuation  of  the  small  perturbations  that  arise  during  the 
course  of  the  displacement.  For  instance,  each  of  the  breakthrough 
recovery  profiles  of  Figure  2.6  which  constitute  the  unperturbed 
flood  behaviour,  consists  of  two  regions  -  an  unstabilized  region 
in  which  the  recovery  varies  with  rate  and  a  stabilized  region  in 
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FIG.  2 . 6  Typical  Recovery  Behaviour  Generated 
By  One  -  Dimensional  Numerical  Simulator 
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which  the  recovery  is  independent  of  rate.  Nevertheless,  since  no 
perturbations  were  introduced  into  the  solutions  of  the  differential 
equations  of  the  displacement  model  (at  least  not  intentionally), 
these  unperturbed  recovery  profiles  are  also  the  limiting  profiles 
for  a  stable  flood.  A  stable  flood  may  therefore  be  stabilized  or 
unstabilized. 


2.2.2  Buckl ey-Leverett  Solutions 

It  has  been  demonstrated  that  the  Buckl ey-Leverett  solution, 
involving  Welge's  (18)  tangent  construction,  is  but  a  stationary 
solution  of  the  fractional  flow  equation  (17). 

At  stationary  conditions,  the  fractional  flow  is  independent 
of  time.  Accordingly, 


3f. 


w 


8t 


=  0 


and  Eq.  2.79  becomes 


32fw 

[fw(S)  -  G ( S ) ] 2  — £ 
W  3S2 


=  0 


Eq.  2.86  may  be  satisfied  in  two  ways.  Either 
TW(S)  -  G(S)  =  0 


2.85 


2.86 


2.87 


or 


as2 


o 


Eq.  2.87  leads  to  the  stationary  solution 

ys)  =  g(s) 


2.88 


2.89 


- 
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while  Eq.  2.88  indicates  a  linear  relationship  between  f  and  S. 

w 

These  two  solutions  may  be  suitably  married  at  the  front  to  yield 
one  continuous  stationary  solution  as  shown  in  Figure  2.7.  The 
solution  will  then  consist  of  two  parts.  In  the  frontal  zone, 


Vs> 


fw^Sf 


0  <  S  <  S 


2.90 


and  in  the  trailing  zone  behind  the  front, 

fw(S)  =  G(S)  Sf  <  S  <  1  2.91 

These  are  the  well  known  Buck! ey-Leverett  solutions. 


2.3  MODEL  SCALING 

2.3.1  General 

Whenever  possible,  experimental  results  should  be  presented 
in  a  manner  that  makes  them  applicable  to  systems  other  than  the  one 
used  to  acquire  the  data.  When  the  results  are  so  presented,  it  is 
then  possible  to  use  the  data  collected  on  a  laboratory  system,  the 
model ,  to  predict  the  behaviour  of  another  system,  the  one  of  actual 
interest,  the  prototype.  To  facilitate  the  predictions,  it  is  first 
necessary  to  establish  a  set  of  relationships  between  the  two  systems. 
These  relationships  are  usually  known  as  scaling  laws,  modelling  laws 
or  similarity  requirements. 

2.3.2  Scaling  Principles  for  Immiscible  Displacements 

In  general,  two  methods  may  be  used  to  derive  the  scaling 
laws:  inspectional  analysis  which  is  based  on  the  differential 
equations  of  immiscible  displacement  and  dimensional  analysis  which 
is  based  on  a  knowledge  of  the  pertinent  variables  affecting  the 
displacement  process. 
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FiG.  2.7  Stationary  Solution  Of 
The  Fractional  Flow  Equation 
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The  process  of  inspectional  analysis  consists  of  rendering 
the  differential  equations  of  the  displacement  together  with  the 
initial  and  boundary  conditions  into  dimensionless  forms  by  the 
introduction  of  suitable  normalizing  variables.  The  result  of  this 
nondimensional ization  is  the  appearance  of  dimensionless  dependent 
variables,  dimensionless  independent  variables  and  dimensionless 
similarity  or  scaling  groups. 

Unlike  inspectional  analysis,  dimensional  analysis  does 
not  require  that  the  process  being  modelled  be  expressed  by  equations. 
Instead,  only  a  knowledge  of  the  pertinent  variables  is  required. 

The  dimensionless  groups  are  derived  by  requiring  that  the  power 
products  of  the  variables  be  dimensionless.  This  requirement  results 
in  a  homogeneous  system  of  linear  equations,  the  solution  of  which 
yields  a  complete  set  of  independent,  though  not  unique,  dimensionless 
groups. 

Both  methods  of  deriving  the  scaling  laws  have  their 
advantages  and  limitations.  Inspectional  analysis  usually  gives 
rise  to  scaling  groups  whose  physical  significance  is  readily 
apparent,  whereas  the  significance  of  some  of  the  groups  derived  by 
dimensional  analysis  may  be  quite  obscure.  For  example,  based  on 
the  locations  of  the  scaling  groups  in  the  dimensionless  differential 
equations,  it  is  easy  to  identify  that  a  certain  group  is  the  ratio 
of  viscous  to  capillary  forces  or  gravitational  to  viscous  forces. 

On  the  other  hand,  inspectional  analysis, uni i ke  dimensional  analysis, 
does  require  a  mathematical  equation  for  the  process  under  study. 

If  such  an  equation  is  unavailable,  inspectional  analysis  cannot 
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commence  whereas  dimensional  analysis  can  still  provide  some 
guidance  in  setting  up  experiments  to  initiate  a  study.  In  any  case, 
even  when  a  differential  equation  is  available,  it  is  only  the  aspect 
of  the  phenomenon  which  is  well  understood  that  is  usually  modelled. 
As  a  result,  the  scaling  groups  derived  from  the  equations  may  be 
incomplete.  Dimensional  analysis  is  therefore  much  more  general, 
and  in  this  generality  lies  the  source  of  its  strength  and  its 
weakness.  When  very  little  theory  is  available,  dimensional  analysis 
can  be  relied  upon  to  provide  initial  guidance  in  setting  up 
experiments.  However,  it  is  so  general  that  the  inclusion  of 
superfluous  variables  in  the  list  of  pertinent  variables  will  give 
rise  to  superfluous  but  no  less  legitimate  scaling  groups. 

Extensive  literature  exists  regarding  the  specific 
applications  of  the  above  methods  for  deriving  the  scaling  laws  of 
immiscible  displacement.  Ever  since  Leverett  et  al .  (19)  presented 
their  model  studies  in  which  dimensionless  groups  were  used  to  scale 
laboratory  displacements  to  field  prototypes,  numerous  studies  have 
been  undertaken  that  have  greatly  extended  their  initial  efforts 
(1,  20,  21,  22,  23,  24,  25,  26,  27). 

Engelberts  and  Klinkenberg  (1)  made  extensive  use  of 
dimensionless  groups  obtained  by  dimensional  analysis  to  study  the 
influence  of  certain  variables  on  immiscible  displacements  in 
laboratory  cores.  In  addition,  they  employed  the  various  groups  as 
a  general  aid  in  presenting  their  experimental  findings. 

Rapoport  (20)  has  presented  a  complete  derivation  of  the 
scaling  laws  by  inspectional  analysis,  while  Greenkorn  (26)  has 
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presented  a  systematic  method  of  deriving  the  scaling  groups  by 
dimensional  analysis  using  matrix  algebra.  Geertsma  et  al . (22)  have 
combined  the  advantages  of  the  two  methods  by  employing  them  in  a 
compl ementary  manner  to  derive  a  complete  set  of  scaling  groups  for 
various  displacement  arrangements  in  porous  media. 

The  relevant  dimensionless  scaling  groups  for  the  present 
study  are  best  derived  by  inspectional  analysis.  Eq.  2.27  provides 
a  convenient  starting  point  for  such  a  derivation.  Let  the  oil  and 
water  densities  be  equal  so  that  the  gravitational  term  may  be 
neglected.  With  this  assumption,  Eq.  2.27  becomes 


aSw  -* 

*W  +  u'vFw  +  v 


(  K  Vro 


vPc  I  =  0 


2.92 


Let  a  modified  Leverett  (14)  function  be  defined  as 
Pc  =  T==J(S„) 

c  /i<7*  w 


2.93 


and  K*  be  equal  to  K.  To  describe  the  displacement  in  a  horizontal 
w 

cylindrical  core,  Eq.  2.92  is  expanded  in  cylindrical  (r,  e,.x) 


coordinates  to  give 


3S 


<j> 


w 


9t 

y  M 
w 

J_ 

9X 


9S 


u 


w 


r  9r 


U  9S  3S 

+  +  u 

r  90  X  9x 


dF. 


w 


w 


1  _L  /rp  k  - - — 

r  9r  V  w  ro  dSi(  9r 
\  w 


1 1  9  S 

dJ  w 


_L  1 _ /  Cl/ 

2  99  \  w  ro  dS  30 
V  \  w 


F..K 


dJ 


9S 


w 


w  ro  dSlf  9x 
w 


=  0 


2.94 
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Next,  the  following  dimensionless  variables  are  defined: 


D 


X 


U 


_r 

a 

x_ 

L 


u 


2.95 

2.96 

2.97 


and 


'D 


Vt 

tj)L 


2.98 


Substituting  Eqs.  2.95  to  2.98  into  Eq.  2.94  yields  the  required 
dimensionless  equation: 


3S 


w 


at 


D 


+ 


as. 


2U 


w 


+  (*) 


L\  /  0‘ 


o*/K$ 

V 


r  3rD 

VK<j> 

\  i 

wD 

J  M 

4 

a 

rD2 

ae 

\  X 

+  2 


Jiffwl 

rD  ae  J 


dF  as,  dF 

W  _j_  y  w  w 


dS 


w 


X  ax  dS 


w 


4__L_  /_  F  K  dJ_!^w 

LrD  drD  \  D  W  r0  dSw  3rD 


F..K 


dJ  as 


M  ax 


w  ro  dS  ae 
w 


-  ./  dJ  8Sw 

w  ro  dS  SX 
w 


=  0 


2.99 


The  following  dimensionless  groups  emerge  from  the 
inspectional  analysis: 

(a)  independent  variables:  r^,  e,  X,  tQ; 

(b)  dependent  variables:  S  ,  U  ,  U  ,  Ux; 

(c)  similarity  groups: 

L/D,  M,  a*/K?-/VywD,  a^/V^L,  K fw,  K^,  dJ/dSw 

Thus,  if  the  similarity  groups  are  the  same  in  the  model  and  the 
prototype,  then  the  dependent  variables  will  be  the  same  in  the  two 


‘ 
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systems  at  homologous  points  and  time.  If  the  model  and  the  prototype 
consist  of  the  same  fluids  and  porous  media,  then  the  scaling 
requirements  pertaining  to  the  rock-fluid  properties  are  always  met. 

As  a  result,  only  the  following  similarity  groups  remain  to  be 
sati sfied: 

L/D,  <j*/K$/VywD,  o^/Vv^L 

In  these  groups,  a*  is  an  unknown  effective  interfacial 
tension  which  accounts  for  the  surface  or  capillary  properties  of 
the  displacement  system.  Because  of  the  different  initial  inter¬ 
facial  arrangements,  it  may  be  expected  that  a*  will  take  on 
different  values  in  systems  with  and  without  connate  water 
saturations  for  the  same  fluids  and  porous  media.  It  may  also  be 
inferred  that  a*  will  be  higher  in  systems  containing  connate  water 
saturation  to  reflect  the  increased  capillary  activities  that  will 
result  from  the  presence  of  fluid/fluid  interfaces  throughout  the 
system  even  prior  to  commencing  the  displacement.  In  the  absence  of 
any  other  guide,  it  will  be  assumed  that  a*  is  directly  proportional 
to  a,  with  the  constant  of  proportional ity  C*  being  higher  in 
systems  with  connate  water  saturation  than  in  systems  without  connate 
water  saturation.  An  experimental  estimate  of  C*,  and  hence  a*,  in 
the  two  systems  will  greatly  enhance  the  understanding  of  the 
displacement  mechanisms  in  the  two  systems. 

The  physical  significance  of  the  scaling  groups  is  as 
follows.  The  ratio,  L/D,  ensures  the  geometric  similarity  between 
the  model  and  the  prototype.  The  remaining  two  groups  are  ratios  of 
capillary  to  viscous  forces.  The  group,  a*/K^/VywL,  represents  the 
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ratio  of  the  capillary  to  viscous  forces  in  the  X-di recti  on ,  that 

is,  in  the  direction  of  the  bulk  motion.  This  group  will  therefore 

be  termed  the  linear  scaling  group.  The  group,  a*/i4/Vu  D,  on  the 

w 

other  hand  represents  the  ratio  of  viscous  to  capillary  forces  in 
the  radial  and  angular  directions,  that  is,  in  directions  tranverse 
to  that  of  the  bulk  motion.  It  will  therefore  be  referred  to  as  the 
radial  seal ing  group. 

A  form  of  the  linear  scaling  group,  Vy  L/a/KcjT,  is  widely 

w 

used  in  the  literature  to  correlate  laboratory  displacement  results 
(1,  28,  29,  30,  31,  32,  33).  Used  in  this  form,  the  group  is 
essentially  a  dimensionless  rate.  It  may  be  anticipated  that  if  the 
displacement  is  essentially  one-dimensional,  as  would  be  the  case  in 
a  stable  displacement  or  an  unstable  displacement  dominated  by 
tubular  fingers,  then  this  group  will  be  a  good  correlating  group 
for  the  model  and  the  prototype  recoveries  even  when  the  two  systems 
are  geometrically  dissimilar.  However,  if  the  displacement  is  multi¬ 
dimensional  in  character,  as  in  the  case  of  an  unstable  displacement 
with  tapering  or  conical  fingers,  the  linear  group  may  not  be 
suitable  for  scaling  the  experimental  results.  Under  this 

circumstance,  the  transverse  or  radial  group,  Vy  D/a/KcjT,  may  be  a 

w 

more  appropriate  scaling  coefficient.  Because  this  group  is  often 
lost  due  to  linear  flow  assumption  from  the  outset,  it  has  not  been 
widely  used  in  the  literature  as  a  possible  correlating  group  for 
presenting  experimental  results. 

As  the  radial  scaling  group  controls  the  transverse 
spreading  of  the  injected  fluid  to  prevent  fingering,  it  may  be 
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expected  that  the  magnitude  of  this  group  will  play  a  major  role  in 

the  onset  of  instability.  Based  on  the  results  of  the  inspectional 

analysis  of  the  Buckl ey-Leverett  model  given  by  Eq.  2.99,  it  may  be 

inferred  that  the  onset  of  instability  leading  to  viscous  fingering 

in  a  core  will  involve  a  radial  scaling  coefficient  of  the  form 

Vu  ,D2/aL/i<*. 
w 

For  the  present  study,  the  dimensionless  scaling  groups 
will  be  employed  for  two  purposes.  First,  the  groups  will  be  used 
to  scale  the  model  results  in  order  to  predict  the  prototype 
behaviour.  To  meet  this  objective,  two  cores  of  the  same  diameter 
but  different  lengths  will  be  used  to  collect  the  experimental  data. 
The  short  core  could  be  regarded  as  the  model  and  the  long  core  as 
the  prototype  even  in  a  laboratory  setting.  The  model  and  the 
prototype  are  therefore  geometrically  dissimilar.  The  scaling 
objective  will  be  accomplished  by  seeking  the  appropriate  correlating 
group  that  will  enable  the  data  collected  on  the  model  and  the 
prototype  to  plot  as  one  curve  over  a  wide  range  of  displacement 
rates.  Second,  the  dimensionless  groups  will  be  used  as 

suitable  variables  in  their  own  right  to  explore  the  influence  of 
the  displacement  parameters  on  instability  and  viscous  fingering  in 
porous  media  both  in  the  presence  and  absence  of  connate  water 
saturation. 


, 
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CHAPTER  3 


REVIEW  OF  RELATED  RESEARCH 

The  study  of  frontal  instability  and  the  associated 
phenomenon  of  viscous  fingering  during  immiscible  displacement  in 
porous  media  was  pioneered  at  Shell  Production  Research  Laboratory, 
Amsterdam.  Among  the  significant  contributions  from  this  research 
centre  may  be  cited  the  studies  of  Engelberts  and  Klinkenberg  (1  ), 
van  Meurs  (34),  van  Meurs  and  van  der  Poel  (35),  Chuoke,  van  Meurs 
and  van  der  Poel  (7),  de  Haan  (30),  and  Hagoort  (13). 

The  contributions  from  elsewhere  included  in  this  review 
are  those  of  Rachford,  Jr.  (12),  Perkins  and  Johnston  (36), 

Kloepfer  (31),  Wiborg  (32)  and  Baird  (33). 

In  keeping  with  the  scope  of  the  present  study,  this  review 
is  limited  to  immiscible  displacements  only.  Consequently,  the 
phenomenon  of  viscous  fingering  and  the  related  stability  theory  in 
miscible  systems  are  not  reviewed. 

In  1951,  Engelberts  and  Klinkenberg  (1  )  published  the 
results  of  laboratory  floods  in  an  apparently  homogeneous  porous 
medium  in  which  the  displacing  water  was  observed  to  channel  through 
the  displaced  oil  in  the  form  of  macroscopic  fingers.  Because  this 
fingering  was  most  severe  in  high  oil -water  viscosity  ratio  floods, 
the  authors  termed  the  phenomenon  "viscous  fingering". 

Their  tests,  conducted  on  cylindrical  homogeneous  packs  of 
coarse  sand,  initially  fully  saturated  with  oil,  led  to  the  following 
observations.  At  a  viscosity  ratio  of  one,  the  porous  body  was 
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uniformly  invaded  by  the  dyed  displacing  water  over  all  the  displace¬ 
ment  rates  studied.  Furthermore,  the  displacement  efficiency,  as 
indicated  by  the  pattern  of  water  invasion  at  the  conclusion  of  each 
test,  improved  with  increasing  displacement  rate.  At  a  viscosity 
ratio  greater  than  one,  the  porous  medium  was  relatively  well  invaded 
at  low  displacement  rates.  At  high  rates,  the  displacement  was 
anything  but  uniform.  Instead,  it  was  haphazard  with  large  sections 
of  the  porous  medium  uncontacted  by  the  displacing  water  at  the  end 
of  each  test.  This  fingering  pattern  of  water  invasion  worsened  as 
the  displacement  rate  increased.  At  intermediate  rates,  there  was  a 
transition  from  the  relatively  uniform  water  invasion  of  low  rate  to 
the  severe  fingering  of  high  rate  displacements. 

These  displacement  patterns  were  also  reflected  in  the 
breakthrough  oil  recovery  profiles.  For  the  displacements  at  a 
viscosity  ratio  of  one,  the  breakthrough  recoveries  increased  with 
rate.  At  viscosity  ratios  of  4  and  24,  the  recoveries  were  compar¬ 
able  to  that  at  a  viscosity  ratio  of  one  at  low  rates.  At  high  rates, 
however,  the  recoveries  decreased  significantly  because  of  viscous 
fingering  with  a  marked  transition  from  high  to  low  recoveries  at 
intermediate  rates. 

The  observations  of  Engelberts  and  Klinkenberg  (  1  )  were 
confirmed  by  van  Meurs  (34)  who  developed  a  transparent  displacement 
system  that  permitted  direct  visual  observations  of  the  displacement 
process.  Photographs  of  the  displacement  patterns  showed  spectacular 
fingering  at  a  viscosity  ratio  of  80,  and  no  fingering  at  a  viscosity 


ratio  of  one. 


. 
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Based  upon  these  observations  van  Meurs  and  van  der  Poel  (35) 
doubted  the  applicability  of  the  relative  permeability  concepts  of 
the  conventional  theory  of  immiscible  displacement  to  displacements 
dominated  by  viscous  fingering.  They  accordingly  developed  a  competing 
theory,  tailored  to  viscous  fingering.  This  theory,  which  parallels 
the  conventional  Buckl ey-Leverett  theory  in  several  respects,  has 
received  little  or  no  recognition. 

A  common  experimental  condition  in  all  of  the  above  reported 
studies  was  the  absence  of  connate  water  saturation  in  the  displacement 
systems.  Engelberts  and  Klinkenberg  (1)  justified  the  exclusion  of 
connate  water  saturation  as  a  simplification  of  the  experimental 
condition,  apparently  in  the  belief  that  the  absence  of  connate  water 
was  immaterial  to  the  displacement  process  itself.  Later  studies  were 
to  demonstrate,  however,  that  this  belief  was  mistaken. 

As  the  observed  phenomenon  of  viscous  fingering  in 
nonconnate  water  bearing  systems  could  not  be  satisfactorily 
attributed  to  permeability  stratifications  in  the  system  because  of 
the  homogeneous  nature  of  the  controlled  sand  packs,  Engelberts  and 
Klinkenberg  (1)  identified  the  phenomenon  as  a  manifestation  of 
instability,  a  notion  widely  used  in  hydrodynamics  to  explain  puzzling 
flow  behaviour.  In  so  doing,  these  authors  set  the  stage  for  the 
theoretical  treatment  of  viscous  fingering  by  subsequent  researchers 
as  a  problem  of  hydrodynamic  stability. 

Chuoke  et  al.  (7)  presented  the  first  systematic  theoretical 
study  of  viscous  fingering  from  the  stability  standpoint.  Using 
perturbation  theory,  they  conducted  a  first  order  linear  stability 
analysis  of  the  displacement  process  and  successfully  derived  the 


. 


44 


conditions  that  would  promote  instability  and  viscous  fingering. 

Their  mathematical  stability  theory,  published  in  1959,  is 
still  widely  regarded  as  the  most  authoritative  on  the  subject  of 
immiscible  displacement  in  porous  media.  In  view  of  this  wide 
acceptance,  and  because  their  original  paper  omitted  some  of  the 
mathematical  steps  essential  to  a  full  appreciation  of  their 
contribution,  their  theory  is  reviewed  here  in  greater  detail  than 
presented  in  the  original  paper.  In  addition  to  filling  in  the 
mathematical  gaps,  this  expanded  review  highlights  the  inherent 
assumptions  and  limitations  of  their  theory  and  thus  helps  to  put  it  in 
proper  perspective.  Furthermore,  the  detailed  mathematical  derivations 
presented  here  prepare  the  ground  for  the  extension  of  their  theory, 
undertaken  in  the  present  study,  to  cylindrical  coordinates,  a  more 
appropriate  coordinate  system  for  studying  the  stability  of 
displacements  in  cylindrical  laboratory  cores. 

It  is  important  to  realize  from  the  outset  that  their 
stability  theory  was  not  based  on  the  Buckl ey-Leverett  model  of 
immiscible  displacement  in  porous  media.  Rather,  it  was  founded  on  a 
piston-like  displacement  model  in  which  the  displacing  fluid  sweeps 
the  displaced  fluid  ahead  of  it  leaving  behind  only  an  immobile 
displaced  fluid  saturation.  The  authors  appear  to  have  been  guided 
to  this  choice  of  unperturbed  behaviour  by  a  certain  analogy  that 
exists  between  piston-like  displacement  between  parallel  plates  or 
He! e-Shaw  models  without  a  porous  medium,  and  single  phase  flow  of 
Newtonian  fluids  in  porous  media.  Accordingly,  they  postulated  the 
following  hydrodynamic  equations  to  describe  the  displacement: 

Darcy's  law  for  single  phase  flow  and  the  continuity  equation  for 
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incompressible  flow: 

u  =  -  V ( p  +  pgzcosa)  3.1 

V* 

v.u  =  0  3.2 

In  Eq.  3.1,  the  z-direction  is  inclined  at  an  angle  a  to  the  upward 
vertical . 


The  unperturbed  displacement  model  may  be  specified  as 
follows.  Consider  the  situation  in  which  water  displaces  oil  at  a 
constant  superficial  velocity,  V,  in  the  z-direction.  Then  the 
unperturbed  equations  in  cartesian  coordinates  are: 


ux  =  0 

3.3 

u  =  0 

• 

CO 

y 

uz  =  V 

3.5 

p  =  P 

3.6 

Suppose  that  the  displacement  is  slightly  disturbed  about  the  above 
unperturbed  quantities.  Then  the  perturbed  velocities  and  pressure 
will  be  given  by 


u  =  0  + 

u* 

3.7 

X 

X 

u  =  0  + 

u* 

3.8 

y 

y 

u  =  V  + 

u* 

3.9 

z 

z 

p  =  p  + 

p* 

3.10 

Substituting  Eqs.  3.7  to  3.9  into  Eq.  3.1  gives 


K  Bp 

U  3X 


K  9£ 
y  3y 


V  +  UZ  =  “  y  (fz  +  pgc0Sa) 


3.11 

3.12 

3.13 


where  the  perturbed  pressure,  p,  has  been  retained  in  all  the  right 
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hand  sides.  Eqs.  3.11  to  3.13  may  be  combined  into  the  one  vector 
equation 

u*  =  -  v^-  (p  +  Vz  +  pgzcosa)  3.14 

if  K  is  assumed  to  be  independent  of  the  space  variables.  Let  a 
perturbed  velocity  potential  be  defined  by 

$  =  ^  (p  +  ^  Vz  +  pgzcosa)  3.15 

Thus 

p  =  ^  ^  Vz  -  pgzcosa  +  P(t)  3.16 

where  P(t)  is  an  arbitrary  function  of  time.  Eq.  3.15  becomes 

u*  =  -  v§  3.17 

Substituting  Eq.  3.7  to  3.9  into  Eq.  3.2  gives  the  continuity 
equation  for  the  perturbed  flow  in  terms  of  the  velocity  perturbations: 


v.u*  =  0  3.18 

Substituting  for  u*  in  Eq.  3.18  using  3.17,  one  obtains  the  partial 
differential  equation  for  the  perturbed  velocity  potential 

v2$  =  0  3.19 

Since  all  the  normal  velocity  perturbations  must  vanish  at  the  walls, 
the  following  boundary  conditions  must  apply: 

u*(o,y)  =  -  |f  (o,y)  -  0  0  <  y  <  Ly  3.20 

uJ(Lx’y)  =  -  If  (Lx>y)  =  0  0  "  y  "  Ly  3'21 

u*(x,o)  =  -  |f  (x.o)  =0  0  <  x  <  Lx  3.22 

u*(x,Ly)  -  -  |f  (x>Ly)  -  0  0  <  x  <  Lx  3.23 


. 


■ 


■ 


47 


Eq.  3.19,  together  with  the  boundary  conditions  expressed 
by  Eqs.  3.20  to  3. 23, may  be  solved  by  the  method  of  separation 
of  variables.  Let 

$(x,  y,  z,  t)  =  X(x)  Y (y)  X(z)  T(t)  3.24 

Substituting  Eq.  3.24  into  3.19  and  dividing  through  by  XYZT  gives 
upon  rearrangement, 


Since  the  left  hand  side  of  Eq.  3.25  is  a  function  of  x  only,  while 
the  right  hand  side  is  a  function  of  y  and  z  only,  the  equation  can 
only  be  satisfied  if  both  sides  are  equal  to  a  common  constant,  the 
separation  constant.  Thus, 


r 

X 


3.26 


Hence, 

X"  +  a2X  =  0  3.27 

x 

X ' (o)  =  0  3.28 

X'(L  )  =  0  3.29 


and 


A  further  separation  of  Eq. 
conditions  yield 

Y"  +  a2Y  =  0 

Y 1  (o)  =  0 

Y'(Ly)  =  0 


3.30 


3.30  and  application  of  the  boundary 


3.31 

3.32 


3.33 


' 
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and 

Z"  -  y2Z  =  0  3.34 

where 


y2  =  a2  +  a2  3.35 

Eqs.  3.27  to  3.34  constitute  eigenvalue  problems  which 

have  nontrivial  solutions  only  for  certain  discrete  values  of  the 

eigenvalues,  a  ,  a  and  y.  Mathematically,  the  eigenvalue,  y,  is 

x  y 

nothing  more  than  a  separation  constant  which  takes  on  specific  values 
depending  on  the  x,  y  dimensions  of  the  displacement  system.  It  turns 
out  that  y  has  a  physical  meaning  in  the  context  of  the  stability 
problem  under  consideration.  When  an  arbitrary  disturbance  is 
decomposed  into  its  Fourier  components,  the  eigenvalues  determine  the 
wavelengths  of  these  components,  for 

X  =  2i\/y  3.36 


and 


The  solutions  of  the  above  eigenvalue  problems  yield 
X ( x )  =  Eie±iaxx 

ItblT 


Y(y)  -  E2e±i“yy 

m2TT 

a  =  —  ,  m2 

y  y 

Z (z )  =  E3e±yZ 


3.37 

3.38 

3.39 

3.40 

3.41 


m?7T2  m27i2 

Yz  =  +  -i—  3.42 

rmim2  |  2  I  2 

x  y 

E2  and  E3  are  arbitrary  constants,  while  and  m2  are  integers. 


where  Ex , 
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Substituting  Eas.3.37,  3.39  and  3.41  into  Eq.  3.24,  gives 


$(x,y,z,t)  =  E1E2E3e 


±yz  +  nt  ±i(axx  +  cyy) 


3.43 


where  T(t)  has  been  expressed  as  an  exponential  function.  The  fact 
that  must  be  bounded  at  z  =  «  and  similarly  bounded  at  z  = 
because  flow  far  away  from  the  interface  is  uniform,  dictates  the 

following  solutions  for  the  perturbed  velocity  potentials  in  the  oil 
and  water  phases: 


3.44 


and 


3.45 


where  Bx  and  B2  are  arbitrary  constants. 

Two  boundary  conditions  apply  at  the  interface  -  the 
kinematic  condition  which  requires  equality  of  the  normal  velocity 
components  in  both  phases  and  the  dynamic  condition  which  allows  for 
capillarity  at  the  interface. 


Let  the  perturbed  interface  about  z  =  0  be  given  by 
z  -  n(x,y,t)  =  0 


3.46 


where  n  is  a  displacement  perturbation  to  be  determined.  The  kinematic 
condition  requires  that 


jyj-  [z  -  n(x,y,t)]  =  0 


3.47 


where 


Hence, 


3.43 
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Eq.  3.48  is  the  nonlinear  partial  differential  equation  for  the 

displacement  perturbation,  the  solution  of  which  will  determine  the 

stability  classification.  Before  solving,  Eq.  3.48  is  first 

linearized  by  assuming  that  the  second  order  quantities  u*  ~  and 

u*  It;  are  negligibly  small  in  comparison  to  ~  and  u*.  The 
y  oy  di  z 

linearized  equation  becomes 

u*  at  z  =  n  3.49 


in  = 

3t 


From  Eq.  3.17, 


u 


* 

z 


i£ 

3Z 
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Thus , 


in  = 

3 1 


3$ 

3Z 


z=n 
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Application  of  the  kinematic  condition  to  the  water  and  oil  zones 
leads  to 


in  = 

3 1 

Now,  from  Eq.  3. 45, 
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3Z 


w  =  Yn0eYn  +  nt  +  1 ( V  +  ay^ 

z=n  z 


If  yn  is  assumed  nearly  equal  to  2ero,  then 


3$ 


3Z 


w  =  YB,ent  +  i(V  +  V> 
z=n  J 


Similarly, 
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3Z 


0  =  -YB,ent  +  i(oixx  +  V1 

z=n 
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From  Eq.  3.52,  it  follows  that 
B2  =  -Bi 
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Thus, 


=  YBient  +  i{V  +  V5 

o  L 


3.57 


which  may  be  immediately  integrated  to  yield  the  displacement 
perturbation : 


3.58 


Next,  the  stability  index,  n,  is  related  to  the  rock  and 


fluid  properties  and  the  eigenvalues  by  application  of  the  dynamic 
boundary  condition: 


3.59 


In  Eq.  3.59,  P  (t)  accounts  for  the  microscopic  fluid/fluid  capillary 
pressure  drop;  a*  is  a  pseudo  or  effective  interfacial  tension  between 
the  fluids  which  in  the  case  of  displacement  in  parallel  plates  is 
equal  to  the  measured  fluid/fluid  interfacial  tension;  cx  and  c2  are 
the  principal  curvatures  of  the  macroscopic  interface  separating  the 
oil  and  water  zones.  For  small  frontal  perturbations , 


^  and  c2 
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Now,  from  Eq.  3.16 


3.61 


and 


po  =  T~  ®o  -  K2-  Vz  •  po9zcoSa  +  Po(t) 
or  or 


3.62 


Substituting  Eqs.  3.60,  3.61  and  3.62  into  3.59  gives 


w 


■!  1  ■'  '  ■  >»  w:  «  I  A  sm  I  f|, 


■ 


■  '  nuw 


52 


ryW  U0  _  .  ,%  % 

^w  '  K  Vz=n  ~  K 

wr  or  1  or  wr 


)V  +  (pq  -  pw)gncosa 


+  o*(— 7-  +  ^t)  +  P  (t) 
v8xz  JyTJ 


w 


p0(t)  -  pc(t)  =  0 


3.63 


By  definition. 


-  P^-Po^ 


3.64 


Substituting  for  $  ,  $  ,  n  and  P  (t)  into  Eq.  3.63  and  assuming  yn 

W  U 

small,  one  obtains  the  characteristic  equation: 


(kz  +  ^)n  - Y[(  cr  ■  Kr)v  +  (po  -  pw)gcosa] +  ° 


*y  3 


=  0 


or 


or  wr 
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The  stability  index  is  then  given  by 


rrv° 
Y[(iC 


y 


w 


n  = 


or  wr 


K  OV  +  (pQ  -  Pjgcosa] 


Q*y3 


Kor 
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The  sign  of  the  exponent,  n,  determines  the  stability 
classification.  A  necessary  and  sufficient  condition  for  instability 
is  that  n  be  positive.  This  condition  is  met  whenever 


(|7 - - 1T~)V  +  (P0  "  Pw)9COSa  >  a* y2 

or  wr 

The  above  inequality  may  be  expressed  as  a  number  of 
necessary  and  sufficient  conditions  for  instability.  It  is 
convenient  to  define  a  critical  velocity  as 


3.67 


\r 


i.e.  V, 


w 


kJVc  +  (po  -  pw)gcoSa 
K^Apgcosa 


=  0 


3.68 


3.69 


Subtracting  Eq.  3.68  from  3.67,  yields 
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-  ir^  -  vc> 
Kor  wr  c 


>  q*y2 


3.70 


Substituting  Eq.  3.36  into  3.70,  the  condition  for  instability 
becomes 


A  >  2tt 


K 


wr 


w 


(M  -  1 ) (V  -  Vc)J 


1/2 
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Let  a  critical  wavelength  be  defined  as 

1/2 
*wr 


A  =  2  it 

c 


u 


w 


(M  -  1)(V  -  Vc)J 


3.72 


The  necessary  and  sufficient  condition  for  instability  expressed  by 
Eq.  3.67  may  now  be  stated  in  the  following  equivalent  but  more 


elaborate  form: 


V  >  V( 

M  >  1 

A  >  A 


3.73 

3.74 

3.75 


The  three  conditions  must  be  met  simultaneously  if  instability  is  to 


occur. 


A  close  examination  of  Eq.  3.66  shows  that  the  exponent,  n, 
possesses  a  maximum  at  a  certain  eigenvalue,  ym.  This  indicates  the 
presence  of  a  most  probable  wavelength  in  the  stability  problem. 
Differentiating  n  with  respect  to  y  and  equating  to  zero  gives 


[(tt9-  -  £*-)V  +  (p0  -  pjgcosa]  -  3 aV  =  0 
or  wr 


3.76 


Introducing  Eq.  3.36  into  3.76  and  rearranging  gives  the  most 
probable  wavelength  as 
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2tt/3 


K 


wr 


u 


w 


(M  -  D(V  -  Vc) 


1/2 


3.77 


Thus , 


X  =  X  /3 
m  c 

In  parallel  plate  models,  a*  is  the  interfacial  tension  between 


3.78 


the  fluids.  In  porous  media,  the  value  of  a*  is  unknown.  Assuming 
a*  is  proportional  to  a,  then 


a*  =  C*a 

With  this  assumption,  Eq.  3.77  becomes 

K. 


X  =  2tt  v/3C*r 
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wr 
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(M  -  1)(V  -  Vc)J 
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A1 ternati vely , 


m 


=  C 


K. 


wr 
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(M  -  D(V  -  Vc)J 
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3.80 


3.81 


where  C,  hereafter  referred  to  as  Chuoke's  constant,  is  given  by 

C  =  2tt/3C*  3.82 


The  constant,  C,  may  be  determined  by  actual  measurement  of  the 
most  Probable  wavelength  of  instability,  where  such  can  be  captured 
in  an  experiment. 

In  a  horizontal  system,  the  critical  rate  is  zero;  as  a  result, 
the  rate  condition  for  instability  is  always  met.  Whether  instability 
actually  occurs  will  therefore  depend  upon  the  fulfilment  of  the 
remaining  two  conditions.  If  it  is  assumed  that  the  permeabilities 
at  residual  fluid  saturations  are  equal  to  the  absolute  permeability 


< 
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of  the  porous  medium,  then  Eq.  3.81  becomes 

1/2 


Am  =  C 
m 


Ka 

K  -  VV 


while  the  conditions  for  instability  reduce  to 


y 


o 


y 


>  1 


w 


and 


3.83 


3.84 


A  >  A  3.85 

c 

Chuoke  et  al.  (7)  conducted  a  number  of  experiments  to 
verify  their  theory.  Three  displacement  systems  were  studied; 
namely,  an  inclined  He! e-Shaw  model  without  a  porous  medium, 
van  Meurs' (34)  transparent  model  packed  with  glass  powder  in  the 
absence  of  connate  water  saturation  and  the  same  model  in  the 
presence  of  connate  water  saturation. 

In  the  parallel  plate  displacements,  there  was  excellent 
agreement  between  the  theoretical  predictions  and  the  experimental 
findings.  At  a  viscosity  ratio  of  2.5,  they  observed  a  stable 
displacement  front  at  rates  below  the  critical  predicted  by  Eq.  3.69. 
At  rates  higher  than  this  critical,  the  displacement  became  unstable 
and  viscous  fingers  developed  at  the  front.  The  sinusoidal  character 
of  the  fingers  permitted  direct  experimental  measurement  of  their 
average  wavelength.  Again,  there  was  excellent  agreement  between 
the  measured  wavelength  and  the  most  probable  wavelength  predicted 
by  Eq.  3.77.  At  still  higher  rates,  more  numerous  fingers 
were  formed  with  the  consequent  decrease  in  wavelength  just  as 
predicted  by  Eq.  3.77. 
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This  close  agreement  between  the  theoretical  predictions 
and  the  experimental  results  in  parallel  plate  displacements  was  not 
altogether  unexpected  because  the  hydrodynamic  equations  (Eqs.  3.1 
and  3.2)  upon  which  the  stability  theory  is  founded  constitute  an 
accurate  mathematical  representation  of  flow  between  parallel  plates. 

In  the  displacements  involving  porous  media  in  the  absence 
of  connate  water  saturation,  viscous  fingers  were  again  clearly 
visible.  In  contrast  to  the  parallel  plate  displacements,  the 
fingering  phenomenon  was  much  more  disorderly.  Also,  the  sinusoidal 
character  of  the  fingers  was  less  apparent.  As  the  oil  viscosity 
increased,  the  fingers  became  more  numerous  in  accordance  with  the 
trends  predicted  by  the  theory.  Because  the  pseudo-interfacial 
tension,  a*,  is  unknown  for  displacements  in  porous  media,  no  a  priori 
prediction  of  the  most  probable  wavelength  of  instability  could  be 
undertaken.  However,  by  experimental ly  measuring  the  average 
wavelength  of  the  fingers  as  best  they  could,  the  authors  fitted  the 
experimental  observations  to  the  theory  by  calculating  the  constant  C 
in  Eq.  3.83.  They  obtained  the  best  fit  when  C  was  about  30. 

In  the  connate  water  bearing  displacements,  the  results 
and  observations  were  not  as  clear-cut.  The  authors  showed  a 
photograph  of  the  displacement  pattern  with  evidence  of  fingering 
obtained  at  an  extremely  high  displacement  rate.  In  contrast  to  the 
previous  cases,  the  fingering  lacked  any  definite  pattern.  As  a 
result,  the  authors  did  not  attempt  any  measurements  that  might  lead 
to  quantitative  predictions  of  instability  and  viscous  fingering  in 
connate  water  bearing  systems. 
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After  conceding  insufficient  quantitative  experimental  data 
to  test  their  stability  theory  in  connate  water  bearing  systems, 

Chuoke  et  al.  (7)  proceeded  to  comment  significantly  on  the  stability 
of  such  systems.  They  asserted  that  for  a  strongly  water-wet  system 
containing  connate  water  saturation,  the  unknown  pseudo-interfacial 
tension,  a*,  was  likely  to  be  high,  a  fact  that  would  greatly  limit 
the  possibility  of  instability  in  such  systems.  Also,  a  high  pseudo¬ 
interfacial  tension  may  give  rise  to  critical  wavelengths  far  in 
excess  of  the  model  dimensions,  with  the  consequence  that  instabilities, 
though  present, cannot  manifest  themselves  in  spectacular  ways. 

These  observations  suggest  the  possibility  that  if  the  most 
probable  wavelength  of  instability  could  somehow  be  measured  and 
applied  to  Eq.  3.83,  then  one  could  fit  the  experimental  observations 
to  the  theory  and  obtain  a  value  of  C  much  larger  than  in  a  comparable 
displacement  in  the  absence  of  connate  water.  No  such  measurements 
and  direct  estimation  of  C  have  been  undertaken,  although  some 
indirect  calculations  have  been  attempted  with  doubtful  results  (31, 

32,  33). 

Chuoke  et  al.  (7)  also  addressed  the  question  of  scaling 
unstable  displacements.  To  account  for  instability,  they  suggested 
that  the  ratio  of  the  most  probable  wavelength  to  model  width,  A/D, 
be  scaled  in  addition  to  the  usual  scaling  requirements  for  immiscible 
displacement.  Based  upon  the  observed  oil  recovery  behaviour  of  their 
system,  they  recognized  that  strict  equality  of  Am/D  in  model  and 
prototype  was  not  essential  at  all  rates  in  order  that  one  might 
predict  the  behaviour  of  the  other.  They  identified  the  following 
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three  regions  of  flood  operation  in  which  to  study  the  scaling 
requirements. 

If  Am/D  «  1 ,  as  in  a  high  rate  displacement,  numerous 
fingers  were  formed  with  the  result  that  the  breakthrough  recovery 
became  essentially  independent  of  rate  or  A/D.  In  this  range  of 
operation,  the  Am/D  in  the  model  may  differ  from  that  in  the 
prototype,  yet  the  recovery  from  one  will  be  equal  to  the  other. 

Strict  compliance  with  the  scaling  requirement  is  therefore  not 
essential  for  predictive  purposes. 

Similarly,  at  the  other  extreme,  if  A^/D  >>  1 ,  as  in  very 
low  rate  displacements,  then  the  most  probable  wavelength  will  far 
exceed  the  model  width.  Because  the  instabilities  cannot  manifest 
themselves  significantly  under  these  conditions,  the  breakthrough 
recovery  will  again  be  independent  of  rate  or  A/D.  As  before, 
strict  scaling  will  not  be  required  for  the  purposes  of  recovery 
predi ctions . 

Sandwiched  between  the  two  extremes  is  the  transition 

region  in  which  the  breakthrough  recovery  varies  significantly  with 

rate  or  A  /D.  It  turns  out  that  this  is  the  region  in  which  A/D  is 
m  m 

of  the  order  of  one.  It  is  obvious  that  slight  differences  in  Am/D 

between  model  and  prototype  could  result  in  significantly  different 

recoveries.  It  is  therefore  only  in  this  region  that  the  equality 

of  A  /D  between  the  model  and  the  prototype  must  be  enforced  if  one 
m 

is  to  accurately  predict  the  recovery  of  the  other. 

de  Haan  (30)  also  investigated  the  variation  of  breakthrough 
recovery  with  viscous  fingering  in  displacement  systems  without 


. 
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connate  water  saturation.  Assuming  C  equal  to  30,  he  calculated  the 
dimensionless  rates  at  which  the  critical  wavelengths  of  the  viscous 
fingers  would  equal  his  core  diameter  at  viscosity  ratios  of  4  and  25. 
As  expected  from  the  previously  discussed  scaling  requirements,  the 
calculated  rates  were  in  the  region  of  significant  recovery  variation 
with  rate.  This  observation  provided  further  confirmation  of  the 
validity  of  Chuoke's  stability  theory,  at  least,  for  displacements  in 
the  absence  of  connate  water  saturation. 

Rachford  (12),  questioned  the  applicability  of  a 
stability  theory  based  on  a  parallel  plate  displacement  model  to 
immiscible  displacement  in  strongly  water-wet  systems  containing 
connate  water  saturation.  He  argued  that  as  the  displacement  in 
connate  water  bearing  systems  obeyed  the  Buckl ey-Leverett  model,  a 
stability  theory  that  sought  to  explain  any  unusual  displacement 
behaviour  in  such  systems  should  be  founded  on  the  Buckl ey-Leverett 
equations.  He  attempted  the  first  such  stability  analysis. 

Introducing  pressure  perturbations  into  the  Buckley-Leverett 
equations,  Rachford  (12)  successfully  derived  the  partial  differential 
equations  governing  these  perturbations.  However,  unable  to  cope  with 
highly  nonlinear  equations  with  varying  coefficients,  he  assumed  the 
coefficients  constant.  Even  so,  he  resorted  to  numerical  techniques 
based  on  a  few  selected  initial  perturbations  to  obtain  solutions. 

His  stability  theory,  though  based  on  the  Buckl ey-Leverett  equations, 
appears  to  be  limited  in  two  respects.  First,  the  assumption  of 
constant  coefficients  in  place  of  varying  ones  is  at  best  questionabl 
Second,  the  results  of  a  stability  analysis  based  on  a  few  selected 
rather  than  arbitrary  initial  perturbations  cannot  be  generalized. 
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These  limitations  notwithstanding,  the  author  observed 
certain  aspects  of  the  stability  of  connate  water  bearing  displacements 
worthy  of  note.  He  found  no  tendency  towards  instability  in  all  the 
cases  studied.  Furthermore,  high  displacement  rates  and  adverse 
viscosity  ratios  were  beneficial  to  stability  as  the  perturbations 
decayed  most  rapidly  under  these  conditions.  Based  on  these 
observations,  he  concluded  that  no  additional  scaling  was  required  to 
account  for  instability  in  connate  water  bearing  displacements,  as 
no  instability  was  evident  in  the  cases  studied. 

Concerned  by  the  apparent  controversy  in  the  literature 
regarding  instability  and  viscous  fingering  during  immiscible 
displacements,  Perkins  and  Johnston  (36)  investigated  the  problem 
experimental ly.  Their  displacement  systems  were  similar  to  the  three 
empl oyed  by  Chuoke  et  al.  (7). 

In  all  the  systems  studied,  no  fingering  occurred  at 
favourable  viscosity  ratios.  At  adverse  viscosity  ratios,  severe 
fingering  was  observed  in  both  the  Hele-Shaw  model  and  the  glass  bead 
pack  without  connate  water  saturation.  The  bead  pack  with  connate 
water  saturation  showed  a  behaviour  that  was  remarkably  different. 
Numerous  small  fingers  developed  at  the  inlet  end  of  the  system  early 
in  the  displacement.  They  were,  however,  subsequently  damped  out  to 
form  a  graded  saturation  distribution  before  they  could  advance  far 
into  the  model,  for  the  range  of  displacement  rates  studied.  Because 
of  the  striking  influence  of  connate  water  saturation  on  the 
displacement  behaviour,  the  authors  concluded  that  fingering  studies 
that  would  be  most  meaningful  with  respect  to  water-wet  reservoirs 
should  be  conducted  on  connate  water  bearing  porous  media. 
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As  recently  as  1974,  Hagoort  (13)  considered  certain 
stability  questions  in  water-wet  media  containing  connate  water 
saturation  as  still  unanswered.  He  therefore  offered  yet  another 
stability  theory  for  such  systems.  Like  Rachford  (12),  he  argued 
that  the  stability  analysis  should  be  based  on  the  Buckl ey-Leverett 
displacement  model.  But  after  reviewing  the  characteristics  of  this 
model,  he  assumed  a  constant  shock  saturation  behind  the  front, 
contrary  to  the  requirements  of  the  model  for  adverse  mobility  ratios. 
In  addition  to  violating  the  material  balance  requirements  for  the 
displacement,  this  assumption  effectively  rendered  his  stability 
analysis  equivalent  to  that  of  Chuoke  et  al .  (7).  It  is  therefore 
not  surprising  when  Hagoort  (13)  concluded  that  the  stability 
analysis  based  on  piston-like  displacements  was  directly  applicable 
to  Buckl ey-Leverett  displacements. 

His  stability  theory  differed  from  that  of  Chuoke  et  al . ( 7 ) 
in  two  important  respects.  The  mobility  ratio  condition  for 
instability  was  based  on  a  so-called  shock  mobility  ratio  rather  than 
on  the  end  point  mobility  ratio.  The  shock  mobility  ratio  was  defined 
as 
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In  Chuoke1 s  theory,  the  role  of  capillary  forces  in  determining 
the  wavelengths  of  instability  emerged  naturally  as  part  of  the 
stability  analysis.  In  his  theory,  Hagoort  (13)  merely 

assumed  that  capillary  forces  determined  the  wavelength  of  the 
instability  and  used  energy  arguments  to  justify  this  assumption. 
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His  stability  conclusion  therefore  lacked  the  existence  of  a  critical 
wavelength.  Instead,  he  concluded  that  the  displacement  was  unstable 
if  the  shock  mobility  ratio  was  greater  than  one,  provided  that  the 
wavelength  of  the  instabilities  was  smaller  than  the  model  width. 

Since  the  shock  mobility  ratio  is  considerably  lower  than 
the  end  point  mobility  ratio,  it  is  possible  for  the  shock  mobility 
ratio  to  be  less  than  one  even  at  very  adverse  end  point  mobility 
ratios.  Hagoort  (13)  attributes  the  lack  of  instability  in  Rachford 1 s  (12) 
studies  to  such  a  condition.  Although  an  end  point  mobility 
ratio  of  up  to  23  was  studied,  the  shock  mobility  ratio  was  less  than 
one  for  all  the  cases  examined. 

The  author  conducted  several  adverse  viscosity  ratio 
displacements  in  the  presence  of  connate  water  saturation  to  verify 
his  theory.  His  major  conclusion  was  to  attribute  a  decrease  of 
breakthrough  recovery  at  high  rate  to  instability  for  which  the 
wavelength  was  sufficiently  small  to  be  accommodated  in  the  model. 

A  similar  decrease  in  breakthrough  recovery  at  high 
displacement  rates  has  been  observed  by  Wiborg  (32),  Kloepfer  (31) 
and  Baird  (33).  Although  the  decrease  in  recovery  in  these  studies 
was  attributed  to  instability  and  viscous  fingering,  no  positive 
evidence  of  fingering  was  presented.  Instead,  attempts  were  made  to 
calculate  the  constant  C  in  Eq.  3.83  on  the  assumption  that  the 
stability  theory  of  Chuoke  et  al .  (7)  was  applicable  to  their  connate 
water  bearing  systems. 

Since  no  experimental  records  of  fingering  were  available 
upon  which  to  measure  the  wavelengths  of  any  fingers  that  might  be 
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present,  C  was  estimated  indirectly  by  assuming  that  the  rate  at 
which  the  decrease  in  recovery  became  noticeable  marked  the  onset  of 
fingering,  and  that  at  this  rate,  the  critical  wavelength  of  the 
fingers  would  equal  the  core  diameter.  But  the  theoretical 
calculations  of  de  Haan  (30)  would  seem  to  indicate  otherwise. 

Using  a  value  of  30  for  C  obtained  by  Chuoke  et  al .  (7),  he  estimated 
the  dimensionless  rates  at  which  the  critical  wavelength  of  instability 
would  equal  his  core  diameter  at  viscosity  ratios  of  4  and  25.  The 
fact  that  the  estimated  rates  were  well  into  the  regions  in  which  the 
recovery  had  decreased  significantly  would  seem  to  indicate  a  lack 
of  correspondence  between  the  rate  of  onset  of  recovery  decrease,  and 
the  rate  at  which  the  critical  wavelength  of  instability  would  equal 
the  core  diameter. 

The  difficulty  of  estimating  the  rate  at  which  the  critical 
wavelength  of  instability  would  equal  the  core  diameter  from  the 
recovery  data  may  in  part  account  for  the  different  estimates  of  C 
obtained  in  these  studies.  Wiborg  (32)  estimated  C  values  of  27.7, 

24.3  and  39.4  using  three  different  oils;  Kloepfer  (31),  a  value  of 
64;  and  Baird  (33),  values  of  118  and  139  using  two  different  oils. 

A  review  of  the  literature  has  been  undertaken  to  indicate 
the  current  state  of  the  art  in  the  treatment  of  viscous  fingering 
as  a  problem  of  hydrodynamic  stability  in  porous  media.  Two  distinct 
displacement  systems  seem  to  have  emerged  depending  on  the  presence 
or  absence  of  connate  water  saturation  in  the  porous  body. 

Chuoke  et  al .  (7)  have  presented  quantitative  predictions 
of  instability  and  viscous  fingering  in  Hele-Shaw  models  and  porous 
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media  without  connate  water  saturation.  No  quantitative  predictions 
were  presented  for  instability  and  viscous  fingering  in  porous  media 
with  connate  water  saturation,  which  are  closer  to  the  conditions 
in  petroleum  reservoirs.  Furthermore,  the  construction  of  stability 
theories  specifically  addressed  to  connate  water  bearing  systems 
based  on  the  Buckl ey-Leverett  equations  has  met  with  only  limited 
success  in  the  face  of  what  appears  to  be  an  insurmountable 
mathematical  task. 

Severe  fingering  has  been  demonstrated  at  adverse  viscosity 
ratios  in  Hel e-Shaw  models  and  porous  media  in  the  absence  of  connate 
water  saturation,  thus  confirming  the  inherent  instability  of  the 
displacements  in  these  systems.  The  displacement  behaviour  of  systems 
with  connate  water  saturation  under  similar  conditions,  remains 
something  of  an  enigma.  The  reported  damping  of  viscous  fingers  on 
these  systems  would  seem  to  indicate  the  inherent  stability  of  the 
displacements  in  such  systems,  yet  the  decrease  in  recovery  at  high 
rates  documented  by  numerous  investigators  indicates  instability  here 
as  well,  perhaps  an  instability  without  conspicuous  fingering. 

The  theoretical  objectives  of  the  present  study  were 
therefore  twofold:  first,  to  extend  the  theory  of  Chuoke  et  al .  (7) 
in  order  to  predict  the  onset  of  instability  in  cylindrical  and 
rectangular  systems  both  in  the  presence  and  absence  of  connate  water 
saturation;  second,  to  attempt  a  stability  theory  based  on  the 
Buckl ey-Leverett  equations.  Experimentally,  it  was  the  purpose  of 
this  study  to  capture  viscous  fingering  in  the  presence  and  absence 
of  connate  water  saturation  in  order  to  verify  the  various  stability 
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theories,  and  to  attempt  quantitative  predictions  based  on  the 
measurements  conducted  on  the  fingers. 


CHAPTER  4 


STABILITY  THEORIES  OF  IMMISCIBLE  DISPLACEMENT  IN  POROUS  MEDIA 

4.1  GENERAL 

The  stability  analysis  of  immiscible  displacement  based 
on  the  Buckl ey-Leverett  equations  is  undertaken  in  this  chapter. 

Also  presented  is  an  extension  of  the  theory  of  Chuoke  et  al.  (7) 
to  predict  the  onset  of  instability  in  cylindrical  and  rectangular 
systems . 

4.2  STABILITY  THEORY  OF  BUCKLEY-LEVERETT  DISPLACEMENTS 

4.2.1  Perturbation  Equation  for  Fractional  Flow 

The  partial  differential  equation  for  the  fractional  flow 
of  water  (Eq.  2.79),  together  with  the  appropriate  initial  and 
boundary  conditions  are: 

3  ^  f  3  f 

(f  -  G)2 - Z  =  !IC^  0  <  S  <  1  4.1 

w  sS2  c  3t 

fw(s,  o)  =  i  4.; 

y°>  t)  ■  0  4.: 

fw0,  t)  -  i  4-' 

Let  7  be  the  stationary  solution  of  the  fractional  flow  equation, 
w 
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(f,  -  G)2 

w  -  0 

4.5 

w 

as2 

ys.  o) 

=  l 

4.6 

y°- 

=  0 

4.7 

y1* 

=  l 

4.8 

If  the  stationary  solution  is  subjected  to  a  first  order  perturbation, 
then  the  perturbed  fractional  flow  is  given  by 
f  =  f  +  f* 

WWW 

Substituting  Eq.  4.9  into  Eqs.  4.1,  4.3  and  4.4  gives 

(f  +  f*  -  G)2  - —  (f  +  f*)  =  N  C  —  (f  + 
v  w  w  '  aS2  w  w'  c  9t  '  w 

Tw(0>  t)  +  fw(0’  t)  =  0 
fw(l,  x)  +  f*(l,  x)  -  1 

Substituting  Eqs.  4.5  to  4.8  into  4.10  to  4.12  yields 
partial  differential  equation  for  the  fractional  flow 


f*)  4.10 

w 

4.11 

4.12 

the  following 
perturbation: 


32f* 

(f  +  f*  -  G)2  — ^  +  (f, ,  +  f* 

v  W  W  ‘  g^2  w  w 


a2f  3f* 

G ) 2  - 2.  =  N_C 


aS2 


C  8x 


f*(0,  t)  =  0 

f*(l,x)  =  0 


In  the  frontal  zone, 

a27 


w 


as2 


=  o, 


0  <  s  <  s. 


and  the  perturbation  equation  becomes 


3  2f* 

(f  -  G)2  - - 

w  as2 


af* 

_  m  c  — -  =  -T2f*(f 
INc  ax  L  wvw 


a2f* 

G)  +  f*2]  — ^ 

w  as2 


4.13 

4.14 

4.15 


4.16 


4.17 
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f*(0,  t)  =  0  4.18 

f*(Sf,  x)  =  0  4.19 

To  complete  the  mathematical  formulation,  an  arbitrary  initial 
perturbation  is  specified  as 

f*(S,  0)  =  0l(S)  4.20 

Eqs.  4.17  to  4.20  constitute  a  nonlinear  initial -boundary  value 
problem  for  the  fractional  flow  perturbation  in  the  frontal  zone  of 
the  Buckley-Leverett  displacement  model. 

Behind  the  displacement  front, 

f  -  G  =  0  S,  <  S  <  1  4.21 

w  t 

and  the  initial -boundary  value  problem  for  the  perturbation  takes  on 
the  form: 


9f* 

82f* 

32f 

w 

f*2 

w  + 

f*2 - W 

Sr  <  S  <  1 

4.22 

8t 

w 

W  3S2 

f 

fw<sf’ 

)  = 

0 

4.23 

f*u>  o 

= 

0 

4.24 

fjts.  °) 

= 

a2(S) 

4.25 

where  a2(S)  is  an  arbitrary  initial  fractional  flow  perturbation 
behind  the  displacement  front. 


4.2.2  Lagrangian  Formulation 

The  stability  of  the  Buckl ey-Leverett  displacement  may  also 
be  studied  by  introduction  of  perturbations  into  the  Lagrangian  form 
of  the  displacement  equation.  This  equation  together  with  a  possible 
set  of  initial  and  boundary  conditions  is  given  by 


'  ■  '  '  -><<•  a  si  oT 
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(f  -  G)  +  # 
W  3S2  3t 

X(0,  t)  =  tJj(t) 
X(l,  t)  =  0 
X(S,  0)  =  0 

VS.  0)  =  1 

fw(0,  t)  -  0 

fwn.  t)  -  i 


G')  ||+  Ncc' 


>  0 


=  0 


4.26 

4.27 

4.28 

4.29 

4.30 

4.31 

4.32 


The  perturbed  displacement  is 


X  =  X  +  X* 


4.33 


Introducing  Eqs.  4.33  and  4.9  into  4.26, 

(T»  * •  s,l5  *£*-'*€*  r  -'■)(!*  tr>*v 


=  0 


4.34 


The  unperturbed  stationary  solution  satisfies 

(vg)2+  (|t-g,)S+ncc'  -  ° 


4.35 


Subtracting  Eq.  4.35  from  4.34  yields  the  following  perturbation 


equation : 

(f  +  G)^^-  +  {— 

w  as2  3t 


q, j  3Xj?L  +  3X  aX* 


as 


as  ax 


.  if*  +  f*  +  1^1  M*.) 

w  as2  w  as2  3S  3t 


4.36 


At  stationary  or  stabilized  conditions, 

af. 


3X. 

3x 


W 


as 


4.37 


and 


9X  _ 

as 


NcC 


f  -  G 
w 


4.38 
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Substituting  Eqs.  4.37  and  4.38  into  4.36  gives  upon  rearrangement, 

M  „  9X* 


(fwG)2Sr+  If 


C  8x 


IT  .  Riff*  +  f*  e  3X*  3X*' 

1  "  w  3S2  w  3S2  3S 


4.39 


Because  the  boundary  conditions  were  not  perturbed,  the  above  pertur¬ 
bation  equation  will  be  subject  to  homogeneous  boundary  conditions 
of  the  form 

X*(0,  t)  =  0  4.40 

X*(l,  x)  =  0  4.41 

As  before,  the  interval  S(0,  1)  may  be  divided  into  a 
frontal  zone  S(0,  S^),  and  a  trailing  zone  S(S^,  1).  For  these  sub¬ 
intervals,  the  perturbation  equations  become 

(7W  -  G)2  ff  +  (Tw  -  G)(fw  -  G)1  If  -  NcC  If 


3S2 


=  -  (fw  - 


32X  l  ^X*  .  3X*  3X*n 


X*(0,  t)  =  0 
X*(Sf,  x)  =  0 
X*(S,  0)  =  $1 (s) 


4.42 

4.43 

4.44 

4.45 


and 


N  C 

C  3t 


=  0 


x*(sf,  0)  =  0 

X*(l,  0)  =  0 
X*(S,  0)  =  S2(S) 

where  Bi(S)  and  b2(S)  are  arbitrary  initial  perturbations 


4.46 

4.47 

4.48 


4.49 


.?'l  ?f;:-.ru 
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The  mathematical  derivation  of  the  perturbation  equations 
is  now  complete.  In  general,  the  equations  are  nonlinear  partial 
differential  equations  subject  to  homogeneous  boundary  conditions. 
Because  of  the  nature  of  the  stationary  solutions  of  the 
Buckl ey-Leverett  equations,  the  pertubation  problems  have  divided 
naturally  into  two  subintervals  -  a  frontal  zone  and  a  trailing  zone. 
To  determine  the  stability  or  otherwise  of  the  Buckl ey-Leverett 
displacement,  these  equations  must  now  be  solved,  at  least  formally. 
The  growth  of  the  perturbations  with  time  indicates  instability, 
whereas  a  decay  of  the  perturbations  indicates  stability. 


4.2.3  Solution  of  the  Linearized  Fractional  Flow  Equation 

The  analytical  solution  of  the  nonlinear  perturbation 
equation  is  in  general  difficult.  If  the  perturbations  are, 
however,  assumed  to  be  infinitesimally  small,  then  the  nonlinear 
terms  may  be  neglected.  The  resulting  linear  equations  are  more 
amenable  to  analytical  solutions. 

In  the  frontal  zone,  the  linearized  fractional  flow 
perturbation  equation  is 


G): 


a2f* 

w 

as2 


NcC 


3f* 

w 


0 


0  <  s  < 


4.50 


together  with  the  auxiliary  conditions  expressed  by  Eqs.  4.18  to 
4.20.  Eq.  4.50  may  be  solved  by  the  method  of  separation  of 
variables.  Let 

f*(S,  x)  =  F(S)T(t)  4 

w 

Substituting  Eq.  4.51  into  4.50  and  separating  variables  leads  to 
the  following  two  ordinary  differential  equations: 
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0 


4.52 


and 


(fw  -  G)2  F"  +  ACF  =  0 


4.53 


F (0)  =  0 

F(Sf)  =  0 


4.54 


4.55 


where  X  is  the  separation  constant.  Eq.  4.52  gives  the  time  behaviour 
of  the  fractional  flow  perturbation: 


T(t) 


4.56 


Eqs.  4.53  to  4.55  constitute  an  eigenvalue  problem  of  ordinary 
differential  equations.  To  obtain  nontrivial  solutions,  X  takes  on 
specific  discrete  eigenvalues.  Corresponding  to  each  eigenvalue  An 
is  an  eigenfunction  F  .  It  turns  out  that  Eqs.  4.53  to  4.55  constitute 
a  special  case  of  Sturm-Liouville  system  for  which  extensive  theory 
exists  (37). 


Two  properties  of  Eqs.  4.53  to  4.55  are  of  interest  in  the 


stability  problem  under  consideration.  These  are  the  sign  of  the 
eigenvalues,  and  the  orthogonal ity  of  the  eigenfunctions.  The  sign 
of  the  eigenvalues  determines  the  stability  conclusion  while  the 
orthogonality  of  the  eigenfunctions  ensures  that  any  arbitrary  initial 
perturbation  can  be  represented  as  an  infinite  series. 

To  determine  the  sign  of  the  eigenvalues,  Eq.  4.53  is  first 

rearranged  as 


0  <  S  <  S 


f 


0 


4.57 


'  p  - 


■ 
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Let  An  be  an  eigenvalue  and  Fn  the  corresponding  eigenfunction. 
Multiplying  Eq.  4.57  by  Fn  and  integrating  between  the  limits,  one 
obtains 


’f 


f  F  [F']'dS  +  Xn  f - ^ -  p2ds  =  o 

J0  Jo  (fw  -  G)2  " 


4.58 


Integrating  the  first  term  of  Eq.  4.59  by  parts  yields 

S-  S. 


[pnFn] 


-  fkdS  C 

^  0  Jo 


0 


o  (Tw  -  G)2  n 


F2dS  =0  4.59 


Applying  the  homogeneous  boundary  conditions,  Eq.  4.54  and  4.55, 
and  rearranging  gives 


/F- 

o 


2dS 


n 


4.60 


°f 

J  if- 


0  w 


-  F2dS 
(f, ,  -  G)2  n 


Since  C/(f  -  G)2,  F'2  and  F2  are  all  positive  in  the  open  interval 
w  n  n 

S (0 ,  Sf),  both  the  numerator  and  the  denominator  of  Eq.  4.60  are 
positive  numbers.  Hence  all  the  eigenvalues  of  the  problem  at  hand 
are  positive. 

The  orthogonality  of  the  eigenfunctions  may  be  proved  as 
follows.  Let  An  and  Am  be  two  distinct  eigenvalues  with  corresponding 
eigenfunctions  Fn  and  Fm.  Then  from  Eq.  4.57 


[Fi]'  +  An  =  0 

n  n  (f  -  G)2 


and 


[F;] '  +  xm  (T  ."jl  Fm 


w 


4.61 


i 


0 


4.62 


.  ,, 

* 


-  ’*•«  s  ; 
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Multiplying  Eq.  4.61  by  Fm  and  4.62  by  Fn  and  subtracting,  leads  to 


Fm[Fn] '  '  Fn[Fm]'  +  (xn  ' 


(f  -  G)2 
v  w  ' 


FnFm  =  0 


4.63 


Integrating  Eq.  4.64  between  the  limits, 


f 

/[if; 


FJ'  -  ( F  F '  ) 1  ]dS  +  (A  -  Aj 
m  v  n  nr  n  m 


/ 


o  (fw  -  G> 


F  F  dS 
n  m 


=  0 


4.64 


Thus , 


S  r  ' 

[F1  F  -  F  F1  1  f  +  (X  -  A  )  /  - ~ -  F  F  dS  =  0 

L  n  m  n  m J  Q  v  n  m 1 J  n  m 


4.65 


'o  (fw  '  G)2 


From  the  boundary  conditions,  the  first  term  of  Eq.  4.65  is  zero. 


Hence, 


r  f 

f  ^ 

J0  <V 


(a„  -  xm) 

n  m  'o  (fw-G>2 


F  F  dS  =  0 

n  m 


4.66 


Since  Xn  and  Am  are  distinct,  then 


f  - 

1  (f. 


(f  -  G)2 
o  v  w  ‘ 


F  F  dS  =  0 

n  m 


4.67 


Thus,  the  eigenfunctions  are  orthogonal  with  respect  to  the  weight 

function,  C/(f  -  G)2. 

w 

A  general  solution  of  the  perturbation  equation  may  now  be 
expressed  as  an  infinite  series: 


n 


F^s’  *>  "  E.  AnFne  Nc 

^  n=l 


4.68 


where  A  are  coefficients  yet  to  be  determined.  Application  of  the 
n 

initial  condition  yields 


. 


' 


■- 


■■  1 1  til 
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4.69 


To  determine  A  ,  Eq.  4.69  is  multiplied  by  F  C/(f  -  G)2  and 

n  ^  r  J  m  w 

integrated  between  the  limits. 


4.70 


Because  of  the  orthogonal ity  of  the  eigengunctions ,  all  the  terms  in 
the  right  hand  summation  of  Eq.  6.70  are  zero  except  the  one  term  for 
which  n  equals  m.  Hence, 


4.71 


Thus,  A  can  in  theory  be  calculated  from 
n 


4.72 


A, 


m 


This  completes  the  formal  solution  of  the  linearized 
fractional  flow  perturbation  equation  in  the  frontal  zone.  Since  all 
the  eigenvalues  are  positive,  the  perturbation  decays  exponentially 
with  time,  resulting  in  a  stable  displacement. 

In  the  trailing  zone,  the  linearized  perturbation  equation 

is  obtained  from  Eq.  4.22  as 


0 


Sf  <  S  <  1 


4.73 


■ 


together  with  the  auxill iary  conditions  expressed  by  Eqs.  4.23  to 
4.25.  Integration  and  application  of  the  auxill iary  conditions  give 
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f*(S,  t)  =  a2(S) 


4.74 


where 


a2(Sf)  -  0 

a2(D  =  0 


4.75 


4.76 


According  to  the  linearized  theory,  therefore,  the  initial  perturbation 
in  the  trailing  zone  will  tend  to  persist  with  time,  neither  growing 
nor  decaying. 

4.2.4  Solution  of  the  Linearized  Lagrangian  Equation 

Linearization  of  the  Lagrangian  perturbation  equation 
(Eq.  4.42)  in  the  frontal  zone  gives  the  following  nonhomogeneous 
partial  differential  equation 


4.77 


together  with  the  initial  and  boundary  conditions  expressed  by 

Eqs.  4.43  to  4.45.  The  term,  f*,  which  occurs  on  the  right  hand  side  of 

Eq.  4.77  is  known  to  be  an  exponentially  decaying  function  of  time. 

It  is  given  by  Eq.  4.68. 

In  order  to  solve  Eq.  4.77,  it  is  first  necessary  to  solve 
the  related  homogeneous  problem: 


4.78 


* 


< 
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with  the  conditions  expressed  by  Eqs.  4.43  to  4.45.  Separating 
variables  as  before  leads  to  the  following  Sturm-Liouvi lie  system: 


[(f  -  G ) X 1  ] 1  +  v  - - - X  =  0 

(fw  *  G> 

4.79 

o 

II 

o 

X 

4.80 

X(Sf)  =  0 

4.81 

where  y  is  the  separation  constant.  Proceeding  in  a  manner  completely 
analogous  to  that  of  the  previous  section,  it  can  be  shown  that  the 
eigenvalues  of  Eq.  4.78  are  positive  and  the  eigenfunctions  orthogonal 
with  respect  to  the  weight  function  C/(f  -  G). 

Returning  to  the  nonhomogeneous  problem  of  Eq.  4.77,  a 
solution  is  proposed  in  the  form 


X*(S,  t) 


*  VT>VS> 

n=l 


4.82 


where  Tn  is  a  function  of  time  yet  to  be  determined  and  Xn,  the 
eigenfunction  of  Eq.  4.79;  that  is,  the  eigenfunction  of  the  related 
homogeneous  problem.  This  proposal  takes  advantage  of  the  ability  of 
eigenfunctions  to  represent  arbitrary  functions  in  an  infinite  series. 

The  next  step  is  to  determine  the  equation  for  T  .  Multi¬ 
plying  Eq.  4.82  by  X  C/(f  -  G)  and  integrating  between  the  limits, 
one  obtains 


f  x*xc 

m 

(f  -  G) 
o  w  ' 


dS  =  2  T 

n=l 


n 


>f 

xxc 

n  m 

,  (f  -  G) 
'o  w  ' 


dS 


4.83 


In  view  of  the  orthogonality  of  the  eigenfunctions,  Eq.  4.83  yields 


- 
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X*XC 

f  ——2 - dS 

J  (f  - 


,„,o  ■  °s  (T-  -  ? 
m  ^sf  x2c 


4.84 


f  4 


m 


'o  (f  -  G) 
v  w  ‘ 


dS 


Let 


F*(S ,  x)  = 


-  (f  -  G)  —  f* 
w  8S2  w 


4.85 


F*(S,  t)  can  also  be  represented  by  a  convergent  series  of  the  form 


F*(S,  t)  =  Z  Bn(x)Xn(S) 


n=l 


4.86 


The  coefficients  B  are  exponentially  decaying  functions  of  time  due 


n 


to  the  nature  of  f*.  They  may  be  obtained  from  orthogonality  consi- 

w 


derations  as 


If  F*X  C 


m 

(f  - 


dS 


n  (f  -  G) 

R  /T\  =  0  W 

171  if  x2c 


-  dS 


Jo  (fw-G) 


Substituting  Eqs.  4.82  and  4.86  into  4.77,  yields 


4.87 


(VG>2  STnXn 

n=l 


n=l 


"cc  T» "" 


l  B  X 
i  n  n 
n=l 


From  Eq.  4.79, 

(VG)2Xn  =  -  +ynCXn] 

Substituting  Eq.  4.89  into  4.88  and  rearranging,  leads  to 


4.88 


4.89 


. 

: 


. 
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Z  X  [N  CT  1  +  y  CT  +  B  ]  =  0 

,  nL  c  n  'n  n  nJ 
n=l 

For  Eq.  4.90  to  be  satisfied  for  all  Xn  requires  that 
NcCTn  +WBn  =  0 

The  desired  differential  equation  for  Tn  is  then  given  by 


4.90 


4.91 


Yn 

T  1  +  —  T 

n  N  ‘n 
c 


N1  C  Bn 
c 


4.92 


for  n  >  1 

The  appropriate  initial  condition  is  obtained  from  Eq.  4.84  as 


J  (7  - 


dS 


T  (0)  = 


(fW  -  G> 


/•Sf  Xn,2C 

f  - - - dS 

{  (fw  ‘  G) 

The  solution  of  Eq.  4.92  is  given  by 

Yn 

Tn(x)  -  Tn(0)e'NcT  1  e 

W 


4.93 


Yn  f 

-*?J  | 


Y 

w, 


n 


B  (t)e‘  c  dt 
o  n 


4.94 


Both  terms  on  the  right  hand  side  of  Eq.  4.94  tend  to  zero  as  x  tends 
to  ",  Therefore,  the  perturbations  are  damped  with  time,  resulting 
in  a  stable  displacement  in  the  frontal  zone. 

Behind  the  front,  the  perturbation  equation  (Eq.  4.46) 


reduces  to 


9Xj 

8x 


=  0 


4.95 


together  with  the  auxiliary  conditions  of  Eqs.  4.47  to  4.49. 
Integrating  and  applying  the  conditions,  one  obtains 

x*(s,  t)  =  e2(s) 


4.96 
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where 


B2(Sf)  =  0 


4.97 


B2(D  =  0 


4.98 


Eq.  4.96  indicates  that  the  initial  perturbation  behind  the  front 
will  tend  to  persist  in  time,  neither  growing  nor  decaying. 


4.2.5  The  Effects  of  Rate  and  Mobility  Ratio  on  the  Stability  Problem 

The  time  behaviour  of  the  fractional  flow  and  displacement 
perturbations  in  the  frontal  zone  of  the  Buckl ey-Leverett  displacement 
model  has  been  shown  to  comprise  of  exponentially  decaying  functions 

\\_  In 

N  T  N 

of  the  form  e  C  and  e  .  The  rate  at  which  the  perturbations 

are  damped  is  therefore  directly  proportional  to  An/Nc  or  yn/Nc.  As 
this  ratio  increases  with  the  mobility  ratio  and  the  displacement 
rate,  adverse  mobility  ratios  and  high  displacements  will  be 
beneficial  to  the  stability  of  the  displacement  front. 


4.2.6  Summary 

A  first  order  linear  stability  analysis  has  been  conducted 
on  the  one-dimensional  Buckl ey-Leverett  equation  by  two  methods  to 
determine  the  stability  of  immiscible  displacements  that  obey  the 
Buckley-Leverett  model.  First  order  perturbations  were  introduced 
into  the  fractional  flow  and  displacement  equations.  A  formal 
solution  of  the  resulting  perturbation  equations  has  led  to  the  same 
stability  conclusions.  The  perturbations  in  the  frontal  zone  are 
damped  whereas  those  behind  the  front  are  not.  Moreover,  adverse 
viscosity  or  mobility  ratios  and  high  displacement  rates  are 
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beneficial  to  stability.  These  conclusions  are  contrary  to  the 
reported  observations  regarding  instability  in  connate  water  bearing 
systems.  The  reasons  for  the  failure  of  the  stability  analysis  based 
on  the  one-dimensional  Buckl ey-Leverett  equations  to  reveal 
instability  will  be  discussed  later. 


4.3  EXTENSION  OF  THE  STABILITY  THEORY  OF  CHUOKE  ET  AL.  (7) 


4.3.1  Cylindrical  Systems 

In  cylindrical  coordinates,  (r,  e,  z),the  partial 
differential  equation  for  the  perturbed  velocity  potential  (Eq.  3.19) 
is  given  by 

1 2, 


32$  +  l  +  _L  + 
r  9r 


=  0 


4.99 


9r 


r2  902 


9Z‘ 


As  before,  the  constant  rate  displacement  is  assumed  to  be  in  the 
z-direction  inclined  at  an  angle  a  to  the  upward  vertical. 

Eq.  4.99  may  be  solved  by  separation  of  variables.  Let 
$(r,  0,  z,  t)  =  R(r)e(0)Z(z)T(t)  4.100 

Substituting  Eq.  4.100  into  4.99  and  dividing  through  by  RoZT  gives 


£1  +  1R1  +  J-el  =  o  4.1 

R  r  R  2  ®  Z 

Introducing  various  separation  constants  into  Eq.  4.101  leads  to  the 


following  problems: 

Z"  -  y2z  =  0  -oo  <  z  <  °°  4.102 

0"  +  li20  =  0  — 7T  <  0  <  7T  4.103 

0  ( —  7T )  =  0(tt)  4.104 

0 1  (-tt)  =  0 1  (it)  4.105 


. '  -  ,  I 


. 
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and  2 

( rR 1 ) 1  -  y-  R  +  y2rR  =  0  0  <  r  <  a 

R1 (a)  =  0 


4.106 

4.107 


In  Eqs.  4.102  to  4.107,  y  and  y  are  separation  constants  and  a,  the 
radius  of  the  cylindrical  system.  The  boundary  conditions  expressed 
by  Eqs.  4.104  and  4.105  ensure  that  there  is  no  discontinuity  at  the 
artificial  boundaries  0  =  ±tt.  Eq.  4.107  is  a  statement  of  the  fact 
that  the  radial  perturbed  velocity  must  vanish  at  the  wall. 
Integrating  Eq.  4.102  gives 

Z  =  Eie±YZ  4.108 

Integration  of  Eq.  4.103  leads  to 

G  =  AsinyG  +  EcosyQ  4.109 

Applying  the  boundary  conditions  (Eqs.  4.104  and  4.105),  one  obtains 


yBsiny-n  •=  0 


and 

AsinyiT  =  0 

Eq.  4.110  yields  the  following  eigenvalue  and  corresponding 


4.110 

4.111 


eigenfunction: 

y  =  0,  0  =  B  =  constant 

while  Eq.  4.111  gives 

,,  =  m.  0  =  Bcosme 


4.112 

4.113 


where 

m  =  1 ,  2 ,  3 ,  •  •  • 

Eq.  4.106  is  Bessel's  equation  with  the  general  solution 

R  =  Cjjyyr)  +  D^Cyr)  4 

Since  Y  is  singular  when  r  is  zero,  to  ensure  that  R  is  bounded, 
y 

D]_  must  be  zero.  Hence,  using  Eq.  4.113, 

R  =  CiJm(yr) 


4.115 


■ 
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Applying  the  boundary  condition  at  the  wall  (Eq.  4.107)  gives 

J'  (ya)  =  0  4.116 

m  v  ‘ 

The  zeros  of  are  tabulated  in  various  handbooks  (38).  The  first 
few  zeros  are  reproduced  in  Table  4.1. 


Table  4.1 

ZEROS  OF  BESSEL  FUNCTION,  (x) 


m  =  0 

m  =  1 

0.0000 

1.8412 

3.8317 

5.3314 

7.0156 

8.5363 

10.1735 

11.7060 

13.3237 

14.8636 

16.4706 

18.0155 

The  various 

solutions 

perturbed  velocity  potential  as 


m  =  2 

m  =  3 

3.0542 

4.2012 

6.7061 

8.0152 

9.9695 

11.3459 

13.1704 

14.5859 

16.3475 

17.7888 

19.5129 

20.9725 

now  be  assembled  to  give  the 


$(r,  e,  z,  t)  =  EiBC!e+YZ  +  ntcosmeJm(yr) 


The  perturbed  velocity  potentials  in  the  oil  and  water  zones  are 


therefore  given  by 

$  =  Bxe"yZ  +  ntcosmeJ  (yr)  4. Ilf 

o  1  m 

and 

$  =  B2e+yZ  +  n^cosmeJ  (yr)  4.11 

w  m  1 

The  kinematic  boundary  condition  at  the  perturbed  interface 


gives 


3_n 

3t 


★  3n 

+  u*  — 
r  3r 


+ 


1  u* 

r  0  30 


which  upon  linearization  gives 


-^3-  =  u*  at  z  =  n 
3t  Z 


4.120 


4.121 


which  is  the  same  as  Eq.  3.49.  The  dynamic  boundary  condition  is 


given  by 


(P  -  P  ) 
v  w  o'z=n 


-„*(2£a  +  l|a  +  _L  lii)  +  pjt) 


9r 


r  9r 


4.122 


r2  9 e2 


Proceeding  in  a  manner  completely  analogous  to  the 
derivation  of  Chapter  3,  the  stability  index  is  again  given  by 


w 


n  = 


r/o 

y[(~  ’  ~ 
or  wr 


)V  +  (p0  -  Pw)gcosa]  -  a*y3 


4.123 


Xr  Kwr 

It  is  convenient  to  rearrange  Eq.  4.123  as 


n  = 


Y_.  a 

I 


( 


*o 


K. 


+ 


w 


or 


K 


-)a; 


(M  -  1)(V  -  V  )uw a2 


t*K 


wr 


( y  .j  a ) 2 


4.124 


wr 


where  a  is  the  core  radius  and  the  subscript  i  has  been  used  to 
indicate  that  the  eigenvalues,  y,  can  take  on  different  discrete 
values.  The  displacement  will  be  unstable  whenever  n  is  positive,  i.e.. 


(M  -  1 ) (V  -  Vc)ywa2 


a 


*K 


wr 


(y^) 


0 


4.125 


At  the  stability  boundary. 


(M  -  1 ) (V  -  Vc)yw a2 


a*K 


wr 


( Y  a ) 2 


0 


4.126 


Several  interesting  observations  and  deductions  may  now  be 
made  regarding  instability  in  cylindrical  systems.  The  most  probable 
wavelength,  Xm,  is  determined  by  the  value  of  (M  -  1 ) (V  -  vc)v*2/a*Kwr 
If  this  term  is  large  as  in  a  high  rate  displacement,  then  the 
eigenvalues,  Y.,  will  be  large,  resulting  in  numerous  fingers  with 
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short  wavelengths.  If  it  is  small,  as  in  a  low  rate  displacement, 
then  y .  will  be  small,  resulting  in  large  fingers  whose  wavelengths 
may  exceed  the  core  diameter. 

It  should  be  noted  that  the  possible  discrete  values  of 
Y-a  are  given  in  Table  4.1.  As  (M  -  1 ) ( V  -  V ^)\i^a2/o*K^  is 
decreased,  say  by  decreasing  the  displacement  rate,  y^a  takes  on 
smaller  and  smaller  values  until  at  a  sufficiently  low  rate,  it 
attains  the  minimum  nonzero  value  of  1.8412  at  m  =  1.  Below  this 
rate,  there  can  be  no  instability. 

Thus,  at  the  onset  of  instability, 

(M  -  1)(V  -  Vc)ywa2 
L  wr 

The  critical  wavelength  at  the  onset  of  instability  is  given  by 


1/2 


( Y •  a )  .  .  =  1.8412  4.127 

v'i  'minimum 


2iTa 

c  1.8412 

and  the  ratio  of  the  critical  wavelength  to  the  core  diameter, 


4.128 

by 


_c 

D 


7T 


1.8412 


=  1.7063 


4.129 


Eq.  4.127  may  be  employed  to  determine  an  appropriate 
scaling  group  to  detect  instability.  At  the  onset  of  instability, 


(M  -  1 ) (V  -  V  )v  D* 


C*aK 


=  13.56 


4.130 


wr 


The  dimensionless  group  (M  -  1 ) (V  -  Vc)uwD2/C*aKwr  therefore 
divides  the  displacement  domain  in  a  cylindrical  core  into  a  stable 
and  an  unstable  region.  When  this  group  is  less  than  13.56,  the 
displacement  is  stable,  whereas  when  the  group  is  greater  than  13.56, 
the  displacement  is  unstable.  The  breakthrough  recovery  data  should 


. 


■ 
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therefore  be  correlated  with  this  group,  if  one  wishes  to  detect 
instability  in  such  data. 

Several  alternative  forms  of  the  scaling  group  may  be 
derived.  With  the  introduction  of  Chuoke's  constant  given  by 
Eg.  3.82,  Eg.  4.130  becomes 


(M  -  1 ) (V  ■  V  )p  D2 
c'  w 


C2aK 


wr 


3.39 

3tt2 


4.131 


In  general,  for  any  displacement  for  which  there  is  instability, 


(M  -  1)(V  -  Vc)uwD2 


C2oK 


wr 


•  j  f2 


4.132 


Thus  when  A/D  eguals  one, 

(M  -  1 ) (V  -  Vc)ywD2 


C2aK. 


wr 


1 

3 


4.133 


or 


(M  -  1 ) (V  -  V  )u  D2 

C — - —  =  4tt2 


C*aK. 


wr 


39.48 


4.134 


In  a  horizontal  system,  the  critical  rate,  V  ,  is  zero. 

If  it  may  be  assumed  that  KQr  and  K, wr  are  approximately  egual  to  K, 
then  Eg.  4.130  becomes 

u  VuD2 

(—  -  1)  WV  =  13-56 

'y  C*aK 


4.135 


and  a  simpler  working  dimensionless  group  (u  /yl(  -  l)Vy  D2/C*aK 

o  w  w 


resul ts. 


HSi  « 
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4.3.2  Rectangular  Systems 

In  rectangular  systems,  the  stability  index  given  by 
Eg.  3.66  may  be  rearranged  as 


n 


Y  cf 

Tmim2 


(M  -  1 ) (V  -  Vc)u 


w 


4.136 


where  the  eigenvalues  given  by  Eq.  3.42  have  been  substituted. 

As  before,  the  minimum  eigenvalues  will  determine  the  onset  of 
instability.  Thus  at  the  onset  of  instability, 

ml  =  m2  =  1  4.137 


and 


(M  -  1 )  (\/  Vc)uwL^ 
C*°Kwr<Lx  +  Ly> 


=  9.87 


4.138 


If  as  before,  the  system  is  horizontal  and  K  and  K  are 

o  r  wr 

approximately  equal  to  K,  then 


y  Vy  L2L2 

(_o  _  1 )  Mw  x  y 


w 


C*aK(L2  +  L2) 


=  9.87 


4.139 


4.3.3  Summary 

The  stability  theory  of  Chuoke  et  al .  (7)  has  been 
extended  to  determine  the  onset  of  instability  in  cylindrical  and 
rectangular  systems.  New  dimensionless  scaling  groups  have  been 
derived  which  divide  the  displacement  domain  in  both  systems  into 
stable  and  unstable  regions.  To  apply  these  groups  for  predictive 
purposes  requires  that  C  and  hence,  C*  be  estimated  both  in  the 
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presence  and  absence  of  connate  water  saturation.  The  estimation  of 
these  numbers  and  the  application  of  the  new  scaling  groups  will  be 
undertaken  in  the  experimental  phase  of  this  study. 


CHAPTER  5 


EXPERIMENTAL  EQUIPMENT  AND  PROCEDURE 

5.1  POROUS  MEDIA 

The  porous  media  used  in  this  study  consisted  of  unconsoli¬ 
dated  packs  of  80  to  120  mesh  Ottawa  sand  from  Fisher  Scientific. 

The  cores  were  packed  by  tamping  the  sand  filled  tubes  with  a  hammer 
until  no  visible  settlement  occurred.  This  packing  procedure,  which 
gave  an  average  porosity  of  38%  and  permeability  of  18.5  darcys,  was 
preferred  over  an  earlier  one  in  which  the  cores  were  vibrated  for 
several  days.  In  addition  to  expediting  the  core  preparation, 
tamping  with  a  hammer  resulted  in  core  properties  that  were  comparable 
to  those  obtained  by  prolonged  vibration. 

Two  core  sizes  were  used:  a  short  core  of  about  23  cm  (the 
model)  and  a  long  one  of  approximately  112  cm  (the  prototype),  each 
with  a  diameter  of  about  4.8  cm.  The  three  short  cores  used  were  made 
of  PVC  pipe;  of  the  five  long  cores,  two  were  made  of  PVC  and  three 
of  stainless  steel.  The  stainless  steel  cores  provided  high  pressure 
capability.  Each  long  core  had  twelve  pressure  taps  spaced  10  cm 
apart  from  the  inlet  to  the  outlet  ends.  The  design  details  of 
similar  coreholders  have  already  been  presented  by  Wiborg  (32). 

5.2  FLUIDS 

Four  fluids  were  used.  These  were  Dow  Corning  200,  MCT  30, 
Kerosene  and  distilled  water.  Dow  Corning  200,  a  clear  silicon  fluid 
available  in  a  wide  range  of  viscosities,  is  one  of  the  few  oils  with 
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a  density  approximately  equal  to  that  of  distilled  water.  This 
property  made  it  well  suited  for  the  present  viscous  fingering 
experiments  in  which  it  was  particularly  necessary  to  minimize 
gravitational  fingering.  MCT  30  and  Kerosene,  on  the  other  hand, 
being  hydrocarbon  oils  are  more  representative  of  reservoir  fluids 
than  Dow  Corning  200.  MCT  30  is  essentially  lube  oil  which  was 
obtained  from  Imperial  Oil.  Unlike  Dow  Corning  fluid,  MCT  30  and 
Kerosene  have  densities  sufficiently  lower  than  distilled  water  to 
permit  gravitational  segregation  at  low  displacement  rates.  Two 
types  of  distilled  water  were  employed.  A  clear  distilled  water  was 
used  to  establish  connate  water  saturation,  while  the  same  distilled 
water  dyed  with  sodium  flourescein  was  used  as  the  displacing  phase. 

The  pertinent  fluid  properties  are  summarized  in  Table  5.1. 
The  viscosities  were  measured  with  a  Cannon  Fenske  viscometer,  the 
densities  with  a  Haake  density  meter,  and  the  interfacial  tensions 
by  the  spinning  drop  technique. 


Table  5.1 

FLUID  PROPERTIES  AT  21.5°C 


Fluid  Type 

p 

(gm/cc) 

y 

(cp) 

a 

(dynes/< 

Distilled  Water 

0.991 0 

1.028 

- 

Kerosene 

0.7823 

0.950 

0.9 

23.8 

Dow  Corning  200 

0.9667 

105.363 

102.5 

24.3 

MCT  30 

0.8799 

310.532 

302.1 

26.4 

' 


. 


91 


Preliminary  tests  were  performed  on  the  model  fluids  to 
study  their  rheological  properties.  Presented  in  Figure  5.1. are  the 
graphs  of  the  shear  stress  as  a  function  of  shear  rate  for  the  two  most 
viscous  fluids,  MCT  30  and  Dow  Corning  200.  The  linear  relationships 
attest  to  the  Newtonian  character  of  the  fluids.  The  shear  stress 
and  shear  rate,  measured  with  a  Haake  viscometer,  are  presented  in 
Table  B1  of  Appendix  B. 

The  fluids  were  further  subjected  to  single  phase  flow  in 
porous  media  and  the  pressure  drops  measured  at  various  flow  rates. 

The  results,  which  may  be  found  in  Table  B2  of  Appendix  B,  are  plotted 
in  Figure  5.2.  The  linear  relationships  indicate  that  the  model 
fluids  were  not  only  Newtonian  but  obeyed  Darcy's  law  in  porous  media. 

5.3  PUMPING  SYSTEM 

Central  to  the  pumping  system  was  a  Ruska  pump  capable  of 
fluid  delivery  at  24  constant  rates,  from  2.5  cc/hour  to  1120  cc/hour. 
Five  2000  cc  steel  cylinders,  each  containing  one  of  the  fluids  used 
in  this  study,  were  connected  to  the  pump.  The  pump  displaced 
mercury  into  these  cylinders;  the  mercury  in  turn  displaced  the  fluid 
of  interest  into  the  core. 

5.4  PRESSURE  RECORDING  SYSTEM 

Connected  to  each  of  the  12  pressure  ports  in  the  long  cores 
were  Validyne  differential  pressure  transducers  capable  of  sensing 
pressures  up  to  2000  psig.  The  continuous  pressure  signals  were 
digitized  and  punched  on  paper  tape  by  Doric's  Digitrend  220  Data 
Aquisition  System.  This  unit  permitted  the  pressures  to  be  sampled 
at  frequencies  ranging  from  one  scan  every  two  seconds  to  one  scan 
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FIG.  5.2 
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every  hour.  The  Fortran  program  used  to  process  the  pressure  records 
from  the  paper  tape  may  be  found  in  Appendix  C. 

5.5  DISPLACEMENT  PROCEDURE 

Tests  were  conducted  with  both  connate  water  and  nonconnate 
water  bearing  cores.  In  every  case,  the  cores  were  first  evacuated 
before  saturation.  For  the  connate  water  bearing  systems,  the  first 
saturating  fluid  was  a  clear  distilled  water.  The  pore  volume, 
porosity  and  absolute  permeability  were  determined  routinely  by 
material  balance  and  single  phase  flow  of  the  distilled  water.  The 
pressure  drops  across  the  cores,  which  were  generally  low,  were 
measured  with  a  mercury  manometer.  After  determining  the  core  pro¬ 
perties,  the  distilled  water  was  displaced  with  the  oil  of  interest 
at  a  high  rate  in  a  horizontal  flood,  to  establish  the  connate  water 

saturation  and  the  initial  oil  in  place. 

In  the  nonconnate  water  bearing  tests,  the  evacuated  cores 
were  saturated  directly  with  the  oil  of  interest.  Because  of  the 
relatively  high  pressure  drops,  a  pressure  transducer  rather  than  a 
mercury  manometer  was  used  in  the  absolute  permeability  determinations 
which  involved  the  flow  of  Dow  Corning  200  and  MCT  30. 

All  the  displacements  were  conducted  horizontally  in  a 
constant  temperature  cabinet  maintained  at  21.5°C.  The  majority  of 
the  runs  were  terminated  at  water  breakthrough,  because  this  is  the 
event  most  influenced  by  viscous  fingering.  However,  a  number  of 
runs  in  which  pressures  were  recorded  continued  beyond  water  break¬ 
through.  In  such  runs,  the  produced  effluent  was  collected  in  a 
bank  of  graduated  test  tubes.  At  the  conclusion  of  each  test,  the 
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cores  were  cleaned,  dried  and  repacked  with  new  sand. 

5.6  RETRIEVAL  AND  PHOTOGRAPHY  OF  CORE  CROSS-SECTIONS 

One  of  the  objectives  of  this  study  was  to  attempt  to 
obtain  positive  evidence  of  viscous  fingering  where  this  might  exist 
in  order  to  correlate  the  occurrence  and  nature  of  viscous  fingering 
with  the  predictions  of  the  various  stability  theories.  To  this  end, 
a  technique  was  developed  whereby  the  flooded  out  core  sections  were 
examined  for  evidence  of  fingering. 

At  the  termination  of  each  test  with  a  short  core,  sections 
of  the  porous  media  were  retrieved  from  the  coreholder  at  approxi¬ 
mately  1.5  cm  intervals  and  photographed.  Under  ultraviolet  lighting, 
the  areas  of  the  cross-sections  contacted  by  the  fluorescent  dis¬ 
placing  water  were  bright  yellow  while  the  uncontacted  areas  were 
dark.  The  contrast  between  the  two  areas  was  further  enhanced  by 
the  use  of  a  yellow  filter.  By  this  means,  several  records  of  the 
displacement  paths  were  successfully  photographed  during  the  course 
of  this  investigation. 
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CHAPTER  6 


EXPERIMENTAL  RESULTS  AND  OBSERVATIONS 


6.1  GENERAL 

Two  types  of  experimental  data  were  collected  in  this  study. 
The  first  type  consisted  of  the  recovery  data  for  each  test  at  water 
breakthrough  over  a  wide  range  of  displacement  rates,  from  2.5  cc/hour 
to  1120  cc/hour.  The  choice  of  the  breakthrough  recoveries  as  the 
pertinent  data  was  guided  by  three  considerations.  First,  the  moment 
of  water  breakthrough  is  the  first  observable  event  most  influenced 
by  instability  and  viscous  fingering.  Second,  similar  data  abound  in 
the  literature,  so  that  this  choice  will  facilitate  the  comparison  of 
the  present  findings  with  those  of  earlier  researchers.  Third,  the 
breakthrough  recovery  data  over  a  wide  range  of  rates  provide  suitable 
data  with  which  to  study  model  scaling  requirements  for  geometrically 
dissimilar  cores. 

The  second  type  of  experimental  data  consisted  of  the 
displacement  records  of  the  flooded  out  cores  at  water  breakthrough. 
These  were  photographs  of  the  core  cross-sections  showing  areas 
invaded  by  the  fluorescent  displacing  water.  The  photographs  spanned 
the  range  of  displ acement  rates  studied.  Even  in  the  cases  in  which 
no  photographs  were  taken,  the  core  sections  were  examined  visually 
at  the  conclusion  of  each  test  for  evidence  of  viscous  fingering. 

The  purpose  was  to  use  these  records  to  verify  the  various 
stability  theories,  to  make  quantitative  predictions  regarding 
instability  and  viscous  fingering  and  to  determine  the  recovery 
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behaviour  that  may  legitimately  be  attributed  to  viscous  fingering 
during  immiscible  displacement. 

As  the  literature  seemed  to  indicate  that  the  presence  or 
absence  of  connate  water  saturation  had  some  bearing  on  the  displace¬ 
ment  mechanism,  it  was  decided  to  conduct  the  experimental  tests  on 
the  two  systems  and  to  compare  the  results. 

Most  of  the  experiments,  26  out  of  35  runs,  were  conducted 
with  Dow  Corning  200  at  a  viscosity  ratio  of  102.5.  The  rationale 
for  this  choice  was  to  undertake  a  detailed  study  of  a  single  adverse 
viscosity  ratio  displacement  with  a  view  to  generalizing  the  results, 
rather  than  to  undertake  a  cursory  study  of  numerous  viscosity  ratio 
displacements  from  which  generalization  might  be  difficult.  However, 
in  order  to  verify  the  viscosity  (or  mobility)  ratio  requirement  for 
instability,  three  tests  were  performed  with  Kerosene  at  a  favourable 
viscosity  ratio  of  0.9.  Furthermore,  to  ascertain  whether  the  flood 
behaviour  observed  was  peculiar  to  Dow  Corning  200,  which  as  pointed 
out  earlier  is  not  a  hydrocarbon  oil,  six  tests  were  conducted  with 
MCT  30.  These  additional  tests  spanned  the  rates  used  in  the  Dow 
Corning  experiments. 

The  experimental  results  have  been  condensed  into  Table  6.1 
for  the  connate  water  bearing  tests  and  Table  6.2  for  the  nonconnate 
water  bearing  floods.  Shown  in  these  tables  are  the  pertinent  core 
properties,  the  displacement  rates  and  the  breakthrough  recovery  data. 
Also  tabulated  are  various  dimensionless  scaling  or  correlating  para¬ 
meters  ranging  from  the  conventional  ratio  of  viscous  to  capillary 
forces,  to  new  groups  proposed  in  this  study  as  being  more  suitable 
for  presenting  the  experimental  data  collected  on  cores  that  are  not 
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SUMMARY  OF  DISPLACEMENT  DATA  WITH  CONNATE  WATER  SATURATION 
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geometrically  similar.  In  calculating  the  dimensionless  groups,  the 
displacement  rate  was  expressed  in  cm/sec,  the  viscosity  in  poise, 
the  lengths  in  cm,  the  interfacial  tension  in  dynes/cm  and  the 
permeability  in  cm2. 

Each  experimental  run  has  been  assigned  a  unique  identifica¬ 
tion  number  which  does  not  necessarily  reflect  the  order  in  which  the 
run  was  conducted.  The  runs  with  asterisks  are  those  for  which  the 
displacement  records  are  available. 

6.2  DISPLACEMENT  RECORDS 

A  complete  displacement  record  consists  of  eighteen  frames 
of  photographs  numbered  sequentially  from  the  inlet  to  the  outlet  ends 
of  the  core.  Frame  1  being  the  inlet  and  Frame  18  the  outlet  end. 

The  intervening  frames  are  the  cross-sections  at  equally  spaced 
intervals  between  the  inlet  and  outlet  ends.  Two  displacement  records 
may  therefore  be  compared  by  comparing  the  corresponding  frames  in 
each  record  as  these  represent  the  cross-sections  at  the  same 
dimensionless  distances  along  each  core. 

In  these  pictures,  the  displacing  water  appears  light  while 
the  bypassed  oil  is  dark.  A  uniform  light  colour  throughout  the 
circular  cross-section  of  the  core  indicates  a  uniform  water  invasion, 
the  intensity  of  the  lightness  giving  a  qualitative  indication  of  the 
displacing  phase  saturation  at  that  cross-section.  A  spotty  light 
colour,  on  the  other  hand,  indicates  the  path  left  behind  by  viscous 
fingering. 
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6.2.1  No  Connate  Water  Present 

Plates  6.1  to  6.5  show  the  displacement  records,  in  order 
of  increasing  rate,  at  a  viscosity  ratio  of  102.5  in  the  absence 
of  connate  water  saturation.  Plate  6.1  which  is  the  record  at  the 
lowest  rate  studied  (2.5  cc/hour)  presents  two  interesting  features. 
First,  although  the  displacement  was  uniform  at  most  cross-sections, 
severe  oil  bypassing  occurred  in  places.  Such  bypassing,  evident  in 
Frames  3,  4,  5,  6,  7,  8,  16,  17  and  18,  is  symptomatic  of  a  possible 
instability  even  at  this  low  displacement  rate.  Second,  the  oil 
bypassing  at  this  low  rate  is  clearly  axially  asymmetric. 

As  the  rate  increased  to  40  cc/hour,  the  oil  bypassing 
observed  at  2.5  cc/hour  took  on  the  recognizable  pattern  of  viscous 
fingering  as  shown  on  Plate  6.2,  Frames  7  to  18.  The  dimensions  of 
the  fingers  in  Frames  9  to  18  may  be  used  to  estimate  the  most 
probable  wavelength  of  instability  at  this  rate. 

As  the  rate  increased  to  200  cc/hour,  Plate  6.3  shows  that 
the  fingering  phenomenon  became  more  spectacular  and  the  fingers  more 
numerous,  resulting  in  smaller  wavelengths  than  previously  observed. 

Finally,  at  the  still  higher  rates  of  480  cc/hour  and 
1120  cc/hour,  the  displacements  were  dominated  by  numerous  tiny 
fingers  of  very  short  wavelengths,  as  shown  in  Plates  6.4  and  6.5, 
respectively.  At  these  higher  rates,  the  fingering  pattern  became 
more  axially  symmetric  and  showed  some  peripheral  tendency  towards 

the  outlet  ends  of  the  cores. 

Although  no  displacement  records  are  shown,  similar 
fingering  patterns  were  observed  with  MCT  30  at  a  viscosity  ratio 
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PLATE  6.1  DISPLACEMENT  RECORD,  RUN  20,  NO  CONNATE  WATER 
Q  =  2.5  CC/HOUR,  VISCOSITY  RATIO  =  102.5 
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PLATE  6.1 


CONTINUED 
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PLATE  6.1  CONTINUED 


PLATE  6.2  DISPLACEMENT  RECORD,  RUN  23,  NO  CONNATE  WATER 
Q  =  40  CC/HOUR,  VISCOSITY  RATIO  =  102.5 
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PLATE  6.2 


CONTINUED 


107 


13 


14 


15 


16 


18  -  Outlet 
End 


PLATE  6.2 


CONTINUED 
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PLATE  6.3  DISPLACEMENT  RECORD,  RUN  24,  NO  CONNATE  WATER 
Q  =  200  CC/HOUR,  VISCOSITY  RATIO  =  102.5 
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PLATE  6.3 


CONTINUED 
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PLATE  6.3 


CONTINUED 
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End 
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PLATE  6.4  DISPLACEMENT  RECORD,  RUN  26,  NO  CONNATE  WATER 
Q  =  480  CC/HOUR,  VISCOSITY  RATIO  =  102.5 
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PLATE  6.4 


CONTINUED 
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PLATE  6.4  CONTINUED 


18  -  Outlet 
End 
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PLATE  6.5  DISPLACEMENT  RECORD,  RUN  27,  NO  CONNATE  WATER 
Q  =  1120  CC/HOUR,  VISCOSITY  RATIO  =  102.5 
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PLATE  6.5  CONTINUED 
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PLATE  6.5  CONTINUED 
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of  302.1.  Superimposed  upon  the  viscous  fingering  phenomenon 
was  severe  gravitational  segregation.  The  displacement  records  of 
MCT  30  showed  less  contrast  than  the  other  oils  due  to  the  strongly 
fluorescent  nature  of  MCT  30  itself  under  ultraviolet  lighting. 

The  fingering  pattern  with  this  oil  was  therefore  observed  visually 
under  normal  lighting  in  which  the  fingers  could  be  clearly  identified 
by  the  bright  yellow  colour  of  sodium  fluorescein. 

Shown  on  Plates  6.6  and  6.7  are  the  displacement  records 
for  two  of  the  three  tests  carried  out  at  a  favourable  viscosity 
ratio  of  0.9.  At  the  low  rate  of  10  cc/hour,  Plate  6.6  indicates 
the  formation  of  asymmetric  oil  pockets  even  at  this  favourable 
viscosity  ratio.  This  oil  bypassing  at  low  rate  might  at  first 
appear  to  be  an  indication  of  a  possible  instability.  However,  upon 
increasing  the  rate  to  1120  cc/hour,  the  oil  pockets  were  eliminated 
as  may  be  seen  on  Plate  6.7,  thus  discounting  the  possibility  of 
instability  and  viscous  fingering  at  this  viscosity  ratio. 

6.2.2  Connate  Water  Present 

Plates  6.8  and  6.9  present  the  displacement  records  in  the 
connate  water  bearing  systems  at  the  extreme  rates  of  2.5  cc/hour 
and  1120  cc/hour,  for  a  viscosity  ratio  of  102.5.  At  2.5  cc/hour, 
Plate  6.8  indicates  uniform  displacement  with  no  fingering.  At 
1120  cc/hour,  Plate  6.9  indicates  uniform  displacement  up  to 
Frame  6.  Evident  in  Frames  7  to  18  is  a  prominent  finger  partially 
surrounded  by  bypassed  oil.  Because  the  edge  of  the  finger  is  much 
more  diffused,  the  finger  is  not  as  striking  as  was  the  case  in  the 
absence  of  connate  water  saturation.  Nevertheless,  the  dimensions 
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PLATE  6.6  DISPLACEMENT  RECORD,  RUN  33,  NO  CONNATE  WATER 
Q  =  10  CC/HOUR,  VISCOSITY  RATIO  =  0.92 
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PLATE  6.6  CONTINUED 
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PLATE  6.6 


CONTINUED 


121 


5 


6 


PLATE  6.7  DISPLACEMENT  RECORD,  RUN  35,  NO  CONNATE  WATER 
Q  =  1120  CC/HOUR,  VISCOSITY  RATIO  =  0.92 
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PLATE  6.7  CONTINUED 
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End 


PLATE  6.7  CONTINUED 
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PLATE  6.8  DISPLACEMENT  RECORD,  RUN  1,  CONNATE  WATER  PRESENT 
Q  =  2.5  CC/HOUR,  VISCOSITY  RATIO  =  102.5 
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PLATE  6.8  CONTINUED 
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PLATE  6.8  CONTINUED 
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18  -  Outlet 
End 
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PLATE  6.9 


DISPLACEMENT  RECORD,  RUN  11,  CONNATE  WATER  PRESENT 
Q  =  1120  CC/HOUR,  VISCOSITY  RATIO  =  102.5 
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PLATE  6.9  CONTINUED 
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of  the  finger  can  still  be  measured  for  quantitative  predictions. 

The  displacement  records  with  MCT  30  showed  a  similar 
fingering  pattern,  but  with  gravitational  underride. 

6.3  BREAKTHROUGH  RECOVERY  DATA 

The  recovery  data  were  first  correlated  with  the  linear 
dimensionless  scaling  coefficient,  Vy^L/a/K^,  for  both  the  model 
and  the  prototype.  In  the  cases  in  which  the  two  sets  of  data 
diverged,  the  data  were  replotted  as  a  function  of  the  radial  scaling 
coefficient  proposed  in  this  study  as  being  more  suitable  under  the 
circumstance.  The  experimental  points  with  numbers  indicate  those 
runs  for  which  the  displacement  records  are  available. 

6.3.1  Connate  Hater  Present 

Figure  6.1  presents  the  breakthrough  recovery  data  for 
the  model  and  the  prototype  as  correlated  by  the  linear  scaling 
coefficient.  As  the  data  from  the  model  and  prototype  diverge 
significantly,  it  is  clear  that  this  conventional  scaling  group  is 
unsatisfactory  for  correlating  the  recovery  data  collected  on 
geometrically  dissimilar  cores  in  the  presence  of  connate  water 
saturation.  It  is  also  clear  that  as  matters  now  stand,  the  prototype 
recovery  connot  be  predicted  by  the  model  results  over  a  wide  range 
of  the  seal ing  number. 

The  same  data  were  replotted  in  Figure  6.2  as  a  function 
of  the  radial  scaling  coefficient,  Vy^/a/K^T.  The  result  is  that 
the  experimental  data  from  the  model  and  prototype  now  plot  as  one 
curve.  Under  this  scaling,  the  prototype  recovery  can  be  predicted 

using  the  model  data. 
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FIG.  6.1  Model  And  Prototype  Recoveries 
As  Correlated  By  The  Linear  Seating 

Coefficient .  Connate  Water  Present. 
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FIG.  6.2  Model  And  Prolotype  Recoveries  As 
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Figure  6.3  shows  the  influence  of  viscosity  ratio  on  the 
recovery  behaviour.  Plotted  on  this  figure  are  the  data  at  viscosity 
ratios  of  102.5  and  302.1.  The  recovery  trends  in  both  cases  are 

similar;  but  as  expected,  the  recovery  efficiency  is  lower  for  the 
higher  viscosity  ratio  flood  at  all  the  scaling  numbers  studied. 

6.3.2  No  Connate  Hater  Present 

Presented  in  Figure  6.4  are  the  recovery  data  in  the 
absence  of  connate  water  saturation  at  a  viscosity  ratio  of  102.5. 

It  is  apparent  from  this  figure  that  the  linear  scaling  coefficient 
is  satisfactory  for  correlating  the  model  and  prototype  recovery  in 
the  absence  of  connate  water  saturation.  That  this  is  so  may  be 
demonstrated  by  replotting  the  same  data  as  a  function  of  the  radial 
scaling  coefficient  that  worked  well  in  the  presence  of  connate  water 
saturation.  Such  a  correlation,  shown  in  Figure  6.5,  results  in  an 
unacceptable  divergence  of  the  model  and  prototype  recovery  data. 

The  influence  of  viscosity  ratio  on  the  flood  performance 
is  shown  in  Figure  6.6.  For  the  adverse  viscosity  ratios  of  102.5 
and  302.1,  the  recoveries  decreased  significantly  with  rate.  For 
the  favourable  viscosity  ratio  of  0.9,  on  the  other  hand,  the 
recovery  improved  with  rate. 

6.4  QUANTITATIVE  PREDICTIONS 

6.4.1  Estimation  of  C,  C*  and  a* 

The  displacement  record  for  Run  23  shown  on  Plate  6.2 
provides  sufficient  information  about  the  finger  wavelengths  from 
which  to  make  quantitative  predictions  in  nonconnate  water  bearing 
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FiG.  6.3  The  Effect  Of  Viscosity  Ratio  On 
Recovery.  Connate  Water  Present . 
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FIG.  6.4  Mode /  And  Prototype  Recoveries  As 
Correlated  By  The  Linear  Seating  Coefficient. 
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FiG.  6-  5  Model  And  Proiotype  Recoveries  As 
Correlaied  By  The  Radial  Scaling  Coefficient 
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systems.  The  longest  dimension  of  each  of  the  fingers  in  Frames 
9  to  18  was  assumed  to  be  the  most  probable  wavelength  of  instability 
at  40  cc/hour.  The  measured  values,  shown  in  Table  6.3,  give  an 
average  wavelength  of  2.0  cm.  Using  Eqs.  3.83,  3.82  and  3.79,  and  the 
pertinent  properties  for  Run  23,  the  following  estimates  were 
obtained  for  nonconnate  water  bearing  systems: 

C  =  25.40 

C*  =  5.45 

o*  =  1. 324x1 02  dynes/cm 

Table  6.3 

MEASURED  FINGER  WAVELENGTHS  -  RUN  23 


Photographic 

Frame 

Wavelength  #1 
(cm) 

Wavelength  #2 
(cm) 

Wavelength  #3 
(cm) 

9 

1.00 

1.59 

2.67 

10 

1.34 

1.67 

2.17 

11 

1.42 

2.34 

2.17 

12 

1.50 

2.00 

2.67 

13 

1.67 

2.84 

1.59 

14 

1.67 

2.17 

15 

2.25 

16 

3.09 

17 

1.92 

1.50 

18 

2.67 

X  =  2.00  cm 

average 


. 
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Similar  measurements  of  finger  dimensions  were  made  on 
Plate  6.9,  Run  11, in  the  connate  water  bearing  system.  The 
measurements,  tabulated  in  Table  6.4,  gave  an  average  wavelength  of 
2.84  cm.  This  resulted  in  the  following  estimates  in  connate  water 
bearing  systems: 

C  =  190.45 

C*  =  306.25 

a*  =  7. 442x1 0^  dynes/cm 


Table  6.4 


MEASURED  FINGER  WAVELENGTHS  -  RUN  11 


Photographic 

Frame 

Wavel ength 
(cm) 

10 

2.99 

12 

2.87 

15 

2.73 

17 

2.99 

18 

2.61 

A 


average 


2.84  cm 


. 


x 


t 

6.4.2  Estimation  of  the  Finger  Wavelengths  for  Run  24 


With  C  now  determined  for  both  connate  and  nonconnate  water 
bearing  systems,  the  critical  and  most  probable  wavelengths  at  any 
displacement  rate  may  be  predicted.  In  particular,  such  a  prediction 
was  made  for  Run  24  for  which  fingers  are  available  on  Plate  6.3  for 
comparison.  Using  the  experimental  data  pertaining  to  Run  24,  the 
critical  and  most  probable  wavelengths  were  predicted  as  0.51  cm  and 
0.89  cm,  respectively.  As  shown  in  Table  6.5,  the  measured  wavelength 
were  of  the  same  order  of  magnitude  as  the  predictions,  with  an 
average  value  of  0.72  cm.  This  value  is  in  good  agreement  with 
0.70  cm  obtained  by  averaging  the  predicted  critical  and  most 
probable  wavelengths. 

6.4.3  Prediction  of  the  Onset  of  Instability 

Using  Eqs.  4.132  and  4.135  proposed  in  this  study,  the 

values  of  the  dimensionless  group  Vu  D2/aK,  at  the  onset  of 

w 

instability  and  the  point  at  which  Ac/D  equals  one, were  calculated. 
These  predictions,  shown  in  Table  6.6,  are  indicated  on  the  recovery 
curves  of  Figure  6.7.  It  may  be  observed  that  for  the  same  fluids 
and  porous  media  the  dimensionless  rate  for  the  onset  of  instability 
in  the  presence  of  connate  water  is  about  56  times  that  in  the 
absence  of  connate  water  saturation. 


. 
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Table  6.5 


MEASURED  WAVELENGTHS  IN  CM  -  RUN  24 


Frame  13 

Frame  14 

Frame  15 

0.83 

0.89 

0.85 

0.58 

0.81 

0.47 

0.91 

0.97 

0.35 

0.33 

0.73 

0.93 

0.75 

0.81 

0.93 

0.75 

0.48 

0.93 

1.08 

0.81 

0.54 

0.99 

0.57 

0.93 

0.83 

0.81 

0.93 

0.99 

0.57 

0.70 

0.75 

0.81 

0.70 

0.91 

0.32 

0.47 

0.83 

0.48 

0.93 

0.75 

0.48 

0.83 

0.48 

0.50 

0.66 

0.50 

0.57 

^average 


=  0.72  cm 


Table  6.6 


COMPARISON  OF  ONSET  OF  INSTABILITY  IN  THE 
PRESENCE  AND  ABSENCE  OF  CONNATE  WATER  SATURATION 
AT  A  VISCOSITY  RATIO  OF  102.5 


Dimensionless  Group  (Vy  D2/aK) 

w 

Onset  of  Instability  *c^  ~ 

No  Connate  Water  0.73  2.12 

Connate  Water  Present  40.92  119.13 


6.5  SCALING  IN  THE  PRESENCE  OF  VISCOUS  FINGERING 

Presented  in  Figure  6.8  are  the  recovery  data  for  the  model 

and  the  prototype  as  a  function  of  A/D,  in  the  absence  of  connate 

water  saturation.  The  discrepancy  between  the  two  sets  of  data 

indicates  that  the  results  are  not  properly  scaled.  Introducing  the 

linear  dimension  and  replotting  the  same  data  as  a  function  of  A  //DL 

c 

resulted  in  a  significant  improvement  in  the  correlation  as  indicated 

in  Figure  6.9.  In  the  presence  of  connate  water  saturation,  however, 

the  model  and  prototype  results  plotted  as  one  curve  when  correlated 

with  A  /D,  as  may  be  seen  in  Figure  6.10. 
c 

Figure  6.11  shows  the  breakthrough  recovery  data  in  the 
presence  and  absence  of  connate  water  saturation  correlated  against 
the  dimensionless  group  (y  /y  -  1 )VywD2/C*aK.  Plotted  against  this 
group,  the  connate  water  bearing  data  show  a  stabilized  breakthrough 
recovery  in  the  stable  region  and  a  declining  recovery  in  the  unstabl 
region  with  a  marked  break  in  the  two  trends  in  the  vicinity  of  13.56 


ft 


FIG.  6.7  Predicted  Onset  Of  Instability 
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FiG.  6. 8  Scaling  Requirements  For 
Instability,  no  connate  water  present. 
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as  predicted  by  the  stability  theory.  The  scatter  in  the  data  in 
the  unstable  region  reflects  the  unpredictable  nature  of  the 
displacement  in  this  region. 

The  nonconnate  water  bearing  data  show  a  similar  trend. 

For  this  system,  however,  all  the  displacements  were  unstable,  a  fact 
that  is  in  accord  with  the  displacement  records  which  indicate 
instability  and  viscous  fingering  for  all  the  rates  studied.  The 
steep  recovery  decline  is  a  reflection  of  the  spectacular  fingering 
that  occurred  in  this  system.  After  the  initial  steep  recovery 
decline,  a  region  of  slower  decline  seems  to  emerge.  This  is  the 
region  in  which  the  fingers  are  sufficiently  numerous  as  not  to 
influence  the  recovery  behaviour  appreciably. 

It  may  be  observed  that  the  connate  water  bearing  recovery 
appears  to  approach  that  of  the  nonconnate  water  bearing  system  under 
conditions  of  extreme  fingering.  The  two  systems  would  therefore 
tend  to  be  equivalent  under  these  conditions.  Finally,  the  break¬ 
through  recovery  performance  in  the  two  systems  consists  of  straight 
line  segments  on  the  semi-log  plot. 

6.6  OTHER  RESULTS 

Figure  6.12  shows  the  permanent  damage  that  viscous 
fingering  can  do  to  the  oil  recovery  history  during  immiscible 
displacement.  Plotted  on  this  figure  are  the  recovery  histories  of 
Runsl4  and  28  as  a  function  of  the  cumulative  water  injected.  Both 
runs  were  conducted  on  a  long  core  at  800  cc/hour.  Because  Run  14 
contained  connate  water  saturation,  the  fingering  phenomenon  though 
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present  was  not  as  severe  as  in  Run  28  without  connate  water 
saturation.  Mot  only  was  the  breakthrough  recovery  impaired  by  the 
severe  fingering,  but  also  the  subsequent  recovery  history  was 
equally  impaired. 

Figure  6.13  presents  the  estimates  of  the  flood  front 
positions  as  a  function  of  the  dimensionless  time,  obtained  by 
analyzing  the  extensive  pressure  records  from  Runs  14  and  28.  The 
arrival  of  the  flood  front  at  each  of  the  twelve  transducers  was 
assumed  to  coincide  with  the  maximum  recorded  pressure  at  each 
transducer.  After  a  brief  period  of  initial  adjustment,  the  fronts 
propagated  at  a  uniform  speed  through  both  systems,  the  speed  of 
propagation  being  higher  in  Run  14  in  which  there  was  severe 
fingering. 

The  frontal  positions,  such  as  indicated  in  Figure  6.13, 
provided  an  indirect  means  of  estimating  the  oil  recovery  at  water 
arrival  at  the  outlet  end  of  the  core.  For  all  the  runs  in  which 
the  frontal  positions  were  monitored,  the  estimated  recovery  at  water 
arrival  was  generally  found  to  be  in  good  agreement  with  that  at 
water  breakthrough.  Capillary  end  effects  were  therefore  negligible 
in  these  runs. 

Although  instability  resulted  in  significant  differences 
in  the  breakthrough  oil  recoveries,  the  cumulative  recoveries  for 
all  the  runs  carried  beyond  wat er  breakthrough  were  generally  the 
same  after  the  injection  of  about  two  pore  volumes  of  water.  This 
observation  was  true  for  both  the  connate  water  and  nonconnate 
water  bearing  tests. 


*~-x 


FIG.  6.13  Effect  Of  Viscous  Fingering  On  Frontal  Move- 
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CHAPTER  7 


DISCUSSION 


7.1  STABILITY  THEORIES 

7.1.1  The  Buckl ey-Leverett  Model 

The  stability  analysis  based  on  the  one-dimensional 
Buckl ey-Leverett  model  failed  to  reveal  the  instability  that  exists 
in  connate  water  bearing  displacements  contrary  to  the  experimental 
evidence  of  such  instability  found  in  the  present  study,  and  in  the 
studies  by  Kloepfer  (31),  Wiborg  (32),  Baird  (33)  and  Hagoort  (13). 
The  source  of  this  discrepancy  seems  to  be  the  assumption  of  one¬ 
dimensional  flow  that  was  made  at  the  outset  in  the  Buckl ey-Leverett 
model . 

An  inspectional  analysis  of  the  multi-dimensional 
Buckl ey-Leverett  equation  revealed  a  transverse  dimensionless 
scaling  group,  Vu  D2/a*L/KcjT,  in  addition  to  the  linear  group, 
VywL/a*/i<f.  It  was  anticipated  on  heuristic  grounds  that  since  this 
transverse  group  controls  the  lateral  spreading  of  the  injected 
fluid  to  prevent  fingering,  its  magnitude  should  play  a  critical 
role  in  the  onset  of  instability.  As  the  assumption  of  one¬ 
dimensional  linear  flow  eliminated  this  important  dimensionless 
group  from  the  stability  analysis,  it  is  not  surprising  that  the 
analysis,  though  mathematically  sound,  gave  results  that  are  at 
variance  with  the  experimental  facts.  A  correct  stability  analysis 
therefore  requires  a  multi-dimensional  unperturbed  displacement 
model . 
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It  is,  however,  interesting  to  note  that  the  present 
analysis  led  to  conclusions  similar  to  those  of  Rachford  (12),  in 
which  adverse  mobility  ratios  and  high  displacement  rates  were 
found  to  be  beneficial  to  the  stability  of  the  displacement. 

Whether  this  agreement  is  fortuitous  is  not  immediately  apparent. 
Nevertheless  the  agreement  would  seem  to  suggest  that  although 
Rachford's  (12)  analysis  was  based  on  a  multi-dimensional 
Buckley-Leverett  model,  his  various  assumptions  and  approximations 
of  the  perturbation  equations  may  have  been  inappropriate. 

Hagoort's  (13)  stability  analysis  involved  a  transverse 

dimensionless  group,  Vy  L  /K  a/<j>/K,  which  is  pertinent  to  the 

ox  or 

stability  problem.  Because  of  the  assumption  of  constant 
saturations  behind  and  ahead  of  the  front  which  effectively  rendered 
his  unperturbed  model  somewhat  piston-like,  his  analysis  was  not 
based  entirely  on  the  Buckl ey-Leverett  model.  Hagoort  (13) 
recognized  this  fact  when  he  observed  that  any  attempt  at  a  stability 
theory  based  entirely  on  the  Buckl ey-Leverett  equations  was  bound 
to  become  mathematically  intractable. 

A  successful  stability  theory  of  immiscible  displacement 
founded  on  the  Buckl ey-Leverett  model  is  therefore  still  outstanding. 
The  presence  of  the  pertinent  transverse  scaling  group  in  the  multi¬ 
dimensional  Buckl ey-Leverett  model  would  seem  to  indicate  that  this 
model  contains  the  essence  of  the  displacement  capable  of 
instability.  The  lack  of  a  successful  stability  theory  to  date  may 
therefore  be  due  to  mathematical  limitations  rather  than  to  the 
inadequacy  of  the  model  itself.  A  successful  analysis  will  require 


more  powerful  analytical  techniques  for  coping  with  nonlinear 
partial  differential  equations  in  a  multi-dimensional  setting,  than 
those  employed  to  date. 
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7.1.2  Extended  Theory  of  Chuoke  et  al.  (7) 

One  of  the  significant  achievements  of  the  present  study 
is  the  successful  extention  of  the  stability  theory  of 
Chuoke  et  al.  (7)  to  predict  the  onset  of  instability  in  cylindrical 
cores.  According  to  the  present  theory,  the  stability  boundary  in 
cylindrical  cores  is  given  by 


(M  -  1 ) (V  -  V  )y  D2 

V  C/Hw 


C*crK. 


4  13.56 


7.1 


wr 


Though  not  verified  experimental ly ,  a  similar  stability  boundary 
was  derived  for  rectangular  systems  as 


(H  -  D(v  -  VC),WL^ 
C*aKwr<Lx  +  Ly> 


4  9.87 


7.2 


The  meaning  of  the  equations  is  as  follows.  For  any  choice  of 
displacement  properties,  if  the  dimensionless  group  on  the  left 
hand  side  of  the  equations  is  less  than  the  pure  number  on  the 
right  hand  side,  then  the  displacement  is  stable.  If  the  group 
exceeds  the  number,  then  the  displacement  is  unstable,  with  the 
transition  from  one  to  the  other  occurring  when  the  group  equals 


the  number. 


It  may  be  noted  that  the  transverse  or  radial  dimensionless 


group  in  cylindrical  systems  that  was  lost  in  the  stability  theory 
based  on  the  one-dimensional  Buckl ey-Leverett  equation  is  retained  in 


. 
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the  present  theory.  The  radial  group,  Vy, ,D2/a*K  .  which  appears 

on  the  left  hand  side  of  Eq.  7.1  is  closely  related  to 
VywD2/a*L/i<5",  found  by  an  inspectional  analysis  of  the 
Buckl ey-Leverett  model.  In  addition  to  further  highlighting  the 
shortcoming  of  the  linear  flow  assumption  of  the  previous  theory, 
this  observation  indicates  that  the  present  theory  applies  equally 
well  to  displacements  of  the  Buckl ey-Leverett  type.  A  successful 
stability  theory  based  on  the  Buckl ey-Leverett  model  may  therefore 
be  expected  to  yield  the  same  conclusions  derived  in  the  present 
theory. 


Eqs.  7.1  and  7.2  embody  the  rate  and  mobility  ratio 
conditions  for  instability  as  found  by  Chuoke  et  al .  (7)  and 
expressed  by  Eqs.  3.73  and  3.74.  For  example,  instability  in  a 
cylindrical  system  requires  that 
(M  -  1 ) (V  -  V  )y  D2 

- — w - -  ■  ■  ■  >  13.56  7.3 

C  oKwr 

Thus,  if  V  <  V  ,  or  M  <  1,  there  can  be  no  instability  since  the 
inequality  expressed  by  Eq.  7.3  cannot  be  met.  The  present  results, 
however,  go  beyond  those  of  Chuoke  et  al.  (7).  Because  the  present 
analysis  recognizes  the  special  roles  of  the  minimum  eigenvalues  in 
determining  the  onset  of  instability,  quantitative  predictions 
beyond  those  derived  or  anticipated  by  Chuoke  et  al .  (7)  are  now 
possible.  For  example,  in  cylindrical  systems,  instability  will 
occur  whenever  the  ratio  of  the  wavelength  of  the  disturbance  to 
core  diameter  is  less  than  about  1.7. 
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Several  useful  deductions  may  be  made  from  Eqs.  7.1  and 
7.2.  Gravity  can  have  a  stabilizing  or  a  destabilizing  effect  on 
the  displacement  depending  on  the  densities  of  the  fluids  concerned. 

If  pw  >  pqj  Eq.  3.69  indicates  that  Vc  is  positive,  thus  reducing  the 
value  of  the  scaling  groups  away  from  their  stability  boundaries. 

This  is  a  stabilizing  influence.  If  <  pQ,  however,  the  opposite 
is  true  and  gravity  becomes  a  destabilizing  force.  In  either  case, 
the  maximum  influence  of  gravity  is  felt  when  the  system  is  vertical 
and  cosa  equals  one.  Other  destabilizing  influences  are  high 
mobility  ratios,  high  displacement  rates,  large  system  dimensions, 
low  interfacial  tensions  and  low  system  permeabilities. 

The  need  for  stability  boundaries  such  as  those  derived  in 
this  study  has  been  felt  for  some  time.  The  advent  of  high  speed 
digital  computers  and  recent  advances  in  numerical  techniques  have 
permitted  the  large  scale  simulation  of  immiscible  displacement  in 
petroleum  reservoirs.  Perhaps,  because  of  the  lack  of  clear 
stability  boundaries,  these  numerical  simulators  have  often  ignored 
the  possibility  of  instability  in  the  displacement  being  simulated. 

If  the  displacement  is  unstable,  but  the  numerical  prediction 
proceeded,  as  is  often  the  case,  as  if  the  displacement  were  stable, 
then  serious  discrepancies  may  arise  between  the  predicted  and  the 
observed  behaviour.  One  such  discrepancy  is  illustrated  by  Figure  2.6 
which  shows  the  breakthrough  recovery  trend  predicted  by  the  numerical 
solution  of  the  one-dimensional  Buckl ey-Leverett  equation  and 
Figure  6.11  which  gives  the  recovery  trend  obtained  experimentally. 
Figure  2.6  predicts  a  breakthrough  recovery  which  increases  with 
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rate  until  stabilization  at  high  rates  whereas  Figure  6.11  indicates 
a  breakthrough  recovery  that  decreases  with  rate  at  high  displacement 
rates  due  to  instability,  a  recovery  trend  that  disagrees  with  the 
mathematical  prediction.  Eqs.  7.1  and  7.2  provide  a  much  needed 
guidance  for  determining  the  range  of  displacement  parameters  for 
which  instability  can  no  longer  be  ignored  without  seriously 
compromising  the  results  of  the  mathematical  prediction. 

Instability  introduces  a  certain  element  of  uncertainty 
into  the  displacement  behaviour  which  is  difficult  to  simulate  with 
the  numerical  solution  of  the  deterministic  equations  of  immiscible 
displacement.  If  one  could  numerically  calculate  the  dynamics  of  the 
random  viscous  fingers,  then  the  unstable  displacement  behaviour  can 
in  principle  be  simulated.  But  such  a  simulation  would  require  a 
detailed  knowledge  of  the  distribution  of  the  slight  heterogeneities 
that  initiate  the  viscous  fingers.  Such  a  complete  knowledge  of  the 
porous  medium  is  unlikely  to  be  achieved  in  practice.  Although  the 
stability  boundaries  identified  in  this  study  provide  no  guidance 
on  how  to  simulate  an  unstable  displacement,  they  do  provide  a  means 
of  determining  when  such  a  simulation  is  necessary  if  one  is  to 
correctly  predict  the  behaviour  of  the  immiscible  displacement. 

7.2  EXPERIMENTAL  VERIFICATION 

7.2.1  Estimation  of  System  Parameters 

Before  Eqs.  7.1  end  7.2  can  be  used  for  predictions, 
Chuoke's  constant,  C,  and  hence  C*,  must  be  determined  experimentally 
for  both  connate  water  and  nonconnate  water  bearing  systems. 
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The  estimates  of  25.40  and  5.45  of  C  and  C*  obtained  in 
the  present  study  for  nonconnate  water  bearing  systems  compare 
favourably  with  30  and  6.66  obtained  by  Chuoke  et  al .  (7).  The 
values  of  190.45  and  306.25  obtained  for  connate  water  bearing 
systems  cannot  be  justifiably  compared  with  available  estimates  by 
Wiborg  (32)  and  Baird  (33)  since  these  were  not  obtained  by 
measurements  on  actual  fingers.  A  more  meaningful  comparison 
between  the  present  results  and  those  of  these  authors  would  be  to 
scale  their  experimental  recovery  data  using  the  C*  obtained  in  this 
study  and  to  compare  the  resulting  recovery  trends  with  those  of  the 
present  study.  Such  a  comparison  is  particularly  pertinent  as  the 
previous  studies  employed  Dow  Corning  oil  and  Ottawa  sand  as  well. 

The  good  agreement  between  the  estimates  of  C  and  C*  of 
the  present  study  and  those  of  Chuoke  et  al .  (7)  for  nonconnate 
water  bearing  systems  with  widely  different  properties  raises  the 
possibility  that  C  or  C*  may  in  fact  be  universal  constants  that 
take  on  different  values  depending  on  the  presence  or  absence  of 
connate  water  saturation,  at  least  for  unconsolidated  porous  media. 
Chuoke  et  al.  (7)  obtained  their  estimate  on  a  rectangular  glass 
bead  pack  with  a  permeability  of  about  60  darcys  while  the  present 
estimate  was  obtained  on  a  cylindrical  pack  of  Ottawa  sand  with  a 
permeability  of  16  darcys.  More  experimentation  would,  however,  be 
required  to  substantiate  this  speculation. 
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7.2.2  Prediction  of  the  Onset  of  Instability 

Figure  6.11  indicates  that  the  present  theory  with  the 
experimentally  determined  values  of  C*  successfully  predicts  the 
onset  of  instability  in  both  connate  water  and  nonconnate  water 
bearing  systems.  To  further  test  the  theory  and  the  applicability 
of  the  present  estimates  of  C*  to  other  unconsolidated  porous  media, 
the  experimental  results  of  other  investigators  were  scaled  using 
the  present  estimates.  These  results  are  tabulated  in  Appendix  E. 

Figure  7.1  compares  the  scaled  recovery  data  of 
Wiborg  (32)  and  Baird  (33)  with  those  of  the  present  study  in  the 
presence  of  connate  wat er  saturation.  All  three  sets  of  data  show 
a  stabilized  recovery  behaviour  in  the  stable  region,  and  a 
declining  recovery  in  the  unstable  region  with  a  transition  to 
instability  occurring  in  the  vicinity  of  13.56  as  predicted  by  the 
present  theory.  In  addition  to  providing  additional  verification 
of  the  present  theory,  these  observations  indicate  that  C*  was 
approximately  the  same  in  all  three  studies.  This  fact  is  not 
surprising  since  the  previous  studies  used  Ottawa  sand  and  Dow 
Corning  oils  similar  to  those  of  the  present  study. 

The  different  recovery  efficiencies  in  the  three  studies 
reflect  the  effect  of  mobility  or  viscosity  ratio  on  the  displacement 
behaviour  in  both  stable  and  unstable  regions.  The  higher  the 
mobility  ratio,  the  lower  the  recovery  efficiency  regardless  of  the 
stability  of  the  displacement.  Adverse  mobility  ratio  therefore 
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FIG.  7. 1  Prediction  Of  the  Onset  Of 
Instability  in  The  Studies  By 
Wiborg  (?f)  And  Baird  C55) 
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plays  a  dual  role  in  the  displacement  process.  First,  it 
determines  the  breakthrough  recovery  efficiency,  and  second,  it 
determines,  in  concert  with  other  variables,  the  stability  of  the 
displacement.  It  may  be  observed  that  the  high  viscosity  ratio 
of  545.7  employed  by  Baird  (33)  was  sufficient  to  reveal  a  tendency 
towards  a  second  region  of  recovery  stabilization  in  the  unstable 
region. 

Also  indicated  on  Figure  7.1  is  the  value  of  the 
dimensionless  group  at  which  A/D  equals  one.  Kloepfer  (31), 

Wiborg  (32)  and  Baird  (33)  obtained  their  indirect  estimates  of 
Chuoke's  constant  by  arbitrarily  guessing  the  value  of  this 
dimensionless  group  based  on  a  visual  examination  of  the  recovery 
data.  It  is  apparent  from  the  results  presented  in  Figure  7.1  that 
there  is  nothing  in  the  recovery  data  that  might  aid  one  in  such  a 
guess  outside  the  framework  of  a  stability  theory.  A  successful 
guess  of  the  correct  value  of  39.48  would  have  resulted  in  the  same 
value  of  C  in  each  study.  The  widely  different  estimates  obtained 
by  these  authors  suggest  that  their  guesses  were  in  fact  different 
from  the  correct  value. 

A  more  reliable  indirect  estimate  of  C  or  C*  may  be 
obtained  from  the  present  theory.  Rather  than  seek  the  value  of  the 
dimensionless  group  at  which  A/D  equals  unity,  one  should  seek  the 
value  of  the  group  at  the  onset  of  instability.  This  may  be 
accomplished  by  correlating  the  recovery  data  against  the 
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dimensionless  group,  (y  /u  -  l)Vu  D2/aK,  on  semi-log  paper  and 

u  w  w 

identifying  the  point  of  intersection  between  the  horizontal  linear 
segment  of  the  stable  recovery  and  the  inclined  linear  segment  of 
the  unstable  recovery.  The  value  of  the  scaling  group  at  the  point 
of  intersection  would  then  be  equal  to  13.56  times  C*. 

Presented  in  Figure  7.2  is  a  comparison  of  the  results  of 
the  present  study  with  those  of  de  Haan  (30).  As  before,  de  Haan's 
results  were  rescaled  using  a  C*  of  5.45  obtained  in  this  study. 
Within  the  limits  of  the  available  experimental  data,  the  predicted 
onset  of  instability  is  upheld.  The  influence  of  mobility  ratio  on 
the  breakthrough  recovery  is  again  evident,  and, in  every  case,  a 
second  region  of  stabilized  recovery  was  obtained  under  conditions 
of  extreme  fingering. 

The  fact  that  the  recovery  profiles  on  a  semi-log  plot  for 
both  connate  and  nonconnate  water  bearing  systems  consist  of  linear 
segments  suggests  the  possibility  of  deriving  simple  empirical 
formulas  for  predicting  the  breakthrough  recovery  in  both  stable 
and  unstable  region  as  a  function  of  the  scaling  group  and  mobility 
ratio. 

7.2.3  Qualitative  Considerations 

The  technique  of  using  a  fluorescent  displacing  agent  to 
capture  viscous  fingering  proved  particularly  successful  especially 
in  the  nonconnate  water  bearing  tests.  In  these  tests,  each  of  the 
fingers  was  generally  surrounded  by  a  small  halo  or  capillary 
fringe  showing  the  small  extent  to  which  capillary  forces  succeeded 
in  spreading  the  injected  fluid  beyond  the  main  finger.  This 
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FIG.  7.2  Prediction  Of  The  Onset  Of  Instability 
_ rs.  |  In  The  Study  By  deHaan  ($<?) 
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observation  was  in  marked  contrast  to  the  connate  water  bearing 
displacements  in  which  the  capillary  spreading  forces  were  so  strong 
as  to  completely  blur  the  edge  of  the  main  finger.  There  may  also 
have  been  some  diffusion  of  the  highly  water  soluble  sodium 
fluorescein  from  the  injected  fluid  into  the  connate  water  further 
obliterating  the  evidence  of  viscous  fingering. 

The  choice  of  the  maximum  dimension  of  the  fingers  as  the 
wavelength  of  the  disturbance  deserves  some  comment.  In  the  connate 
water  bearing  displacements  in  which  there  was  only  one  major  finger, 
one  was  left  with  no  alternative  choice.  In  the  nonconnate  water 
bearing  displacements  with  numerous  fingers,  it  may  be  argued  on 
physical  grounds  that  the  finger  dimension  is  more  representative 
of  the  wavelength  than  the  distance  between  adjacent  fingers. 

If  the  instability  gave  rise  to  closely  packed  fingers  of 
the  same  wavelength  distributed  symmetrical ly  at  each  cross  section, 
then  the  spacing  between  the  centres  of  adjacent  fingers  and  the 
dimensions  of  each  finger  will  be  approximately  equal.  In  this  ideal 
situation,  either  the  finger  separation  or  the  width  of  each  finger 
will  suffice  as  the  characteristic  wavelength.  But  in  the  real 
system,  fingers  of  different  wavelengths  will  be  superposed  in  a 
complicated  manner.  This  superposition  may  result  in  missing  fingers 
at  certain  cross  sections  as  shown  in  Plate  6.2  in  which  the  three 
fingers  of  Frames  9  to  13  later  merge  into  one  finger  in  Frames  15 
to  18.  When  certain  fingers  are  missing,  the  distance  between 
adjacent  fingers  may  be  greater  than  the  wavelength,  whereas  the 
finger  dimension  will  still  provide  a  good  estimate  of  the  correct 
wavelength. 


. 
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It  should  also  be  pointed  out  that  the  resolution  of  the 
disturbance  into  discrete  wavelengths  is  a  mathematical  process  and 
not  a  physical  one.  Therefore  it  will  be  difficult  in  the  real 
system  to  recognize  which  of  the  measured  wavelengths  is  the  most 
probable  at  a  particular  displacement  rate.  The  procedure  whereby 
the  average  of  the  measured  wavelengths  was  assumed  to  be  the  most 
probable  wavelength,  though  not  strictly  correct,  provided  the  most 
consistent  treatment  of  the  experimental  data. 

7.3  MODEL  SCALING 

The  results  of  this  study  indicate  that  the  breakthrough 
recovery  data  from  a  cylindrical  model  and  prototype  should  be 
correlated  with  the  radial  dimensionless  group  in  the  presence  of 
connate  water  saturation,  but  with  the  linear  group  in  the  absence 
of  connate  water,  if  the  model  is  to  successfully  predict  the 
prototype  recovery.  This  difference  in  scaling  requirement  is  due 
to  the  nature  of  instability  and  viscous  fingering  in  the  two 
systems . 

In  the  stable  regime,  the  transverse  capillary  forces  are 
sufficient  to  prevent  viscous  fingering  in  both  systems.  As  a 
result,  the  breakthrough  recovery  will  be  stabilized  and  independent 
of  both  scaling  groups.  Under  this  condition,  the  model  and  the 
prototype  recoveries  will  plot  as  one  curve,  when  correlated  with 
either  of  the  scaling  groups. 

Between  the  onset  of  instability  and  the  region  of  a 
second  stabilized  recovery,  the  breakthrough  recoveries  in  either 
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system  are  very  sensitive  to  viscous  fingering.  In  the  connate  water 
bearing  cores,  the  fingering  phenomenon  is  opposed  by  strong 
transverse  spreading  forces,  modelled  by  the  radial  scaling  group, 
to  such  an  extent  that  only  one  prominent  finger  was  observed  in  the 
present  study.  The  model  and  prototype  recoveries  will  therefore  be 
determined  by  the  radial  group,  regardless  of  the  length  of  the  cores. 
In  the  absence  of  connate  water,  the  transverse  forces  in  this 
transition  regime  is  minimal.  As  a  result,  the  displacement  is 
dominated  by  several  longitudinal  fingers  with  little  transverse 
spreading  of  the  displacing  phase.  As  this  flow  pattern  closely 
approximates  linear  flow,  the  linear  scaling  group  may  be  expected 
to  be  a  suitable  correlating  group  for  models  and  prototypes 
operating  in  this  regime. 

In  the  second  stabilized  region,  the  model  and  prototype 
recoveries  will  again  be  independent  of  both  groups  and  as  a  result, 
they  will  plot  as  one  curve  when  correlated  with  either  group. 

The  observed  difference  in  scaling  requirements  in  the 

presence  and  absence  of  connate  water  saturation  is  not  without 

precedent.  Using  cores  of  the  same  diameter  and  permeability  but 

different  lengths,  Moore  and  Slobod  (29)  found  the  best  correlation 

of  the  breakthrough  recovery  data  in  strongly  water-wet  media  with 

connate  water  when  the  core  length  was  dropped  from  the  conventional 

scaling  group,  and  best  correlation  in  oil-wet  media  when  the  core 

lengths  were  retained.  They  therefore  successfully  correlated  their 

water-wet  results  collected  on  geometrically  dissimilar  cores  with 

the  dimensionless  group,  Vu  /acose,  and  the  oil-wet  results  with 
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the  dimensional  group,  Vu  L/acose.  These  correlations  are  equivalent 

w 

to  using  the  radial  and  linear  dimensionless  groups  of  the  present 
study. 

The  need  to  correlate  the  recovery  data  in  the  early  stages 
of  instability  with  the  radial  or  linear  scaling  group  depending  on 
the  presence  or  absence  of  connate  water  saturation  is  also  evident 
in  Figures  6.8  to  6.10.  When  the  model  and  prototype  data  were 
scaled  by  A/D  as  suggested  by  Chuoke  et  al .  (7),  the  connate  water 

v»> 

bearing  data  showed  good  correlation,  whereas  the  nonconnate  water 
bearing  data  did  not.  However,  the  latter  correlation  was 
significantly  improved  by  the  introduction  of  the  core  length  into 
the  correlation  as  may  be  seen  in  Figure  6.9. 

The  advantage  of  the  proper  scaling  of  experimental  results 
is  demonstrated  in  Figure  6.11  which  compares  the  recovery  performanc 
of  the  connate  water  and  nonconnate  water  bearing  displacements, 
properly  scaled  for  instability.  The  data,  presented  in  Figure  6.7, 
gave  a  rather  confused  picture  of  the  relative  recovery  performance 
of  the  two  systems.  For  example,  it  would  appear  that  the 
displacements  were  more  efficient  in  the  presence  of  connate  water 
saturation,  over  a  wide  range  of  the  scaling  group,  Vy,  D2/aK.  But 
this  scaling  group  compares  in  places,  stable  displacements  with 
connate  water  with  unstable  displacements  without  connate  water,  a 
somewhat  unfair  comparison.  Also,  one  may  be  tempted  to  place  undue 
significance  on  the  point  of  intersection  of  the  two  recovery  curves 
in  Figure  6.7. 
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The  inadequacies  of  the  correlation  presented  in  Figure  6.7 
are  corrected  by  rescaling  the  data  with  the  new  group, 

(yA/y. ,  -  1 ) Vy  D2/C*aK,  as  shown  in  Fiqure  6.11.  Under  this 
rearrangement,  both  systems  are  compared  in  the  stable  and  unstable 
regimes.  With  this  scaling,  a  different  picture  of  the  relative 
performance  of  the  two  systems  emerges.  The  nonconnate  water  bearing 
systems  appear  to  be  more  efficient  in  both  regimes.  Furthermore, 
the  previous  intersection  of  the  two  curves  which  had  no  real 
significance  is  eliminated  and  the  fact  that  both  systems  would  tend  to 
be  equivalent  under  conditions  of  extreme  fingering  is  emphasized. 

7.4  CONNATE  VERSUS  NONCONNATE  WATER  BEARING  SYSTEMS 

Evident  throughout  this  study  has  been  a  fundamental 
difference  in  the  displacement  behaviour  of  systems  with  and  without 
connate  water  saturation.  This  difference  has  manifested  itself  in 
the  ease  with  which  instability  occurs  in  one  system  as  compared  to 
the  other,  in  the  spectacular  nature  of  the  fingering  in  one  system 
as  compared  to  the  other,  and  in  the  scaling  requirements  for  the 
breakthrough  recovery  data  collected  on  the  two  systems.  One 
naturally  wonders  as  to  the  cause  of  this  difference  in  behaviour. 

The  cause  seems  to  be  in  the  level  of  capillary  phenomena 
in  the  two  system  which  is  indicated  by  the  values  of  C*  for  each 
system.  In  the  present  study,  C*  in  the  presence  of  connate  water 
saturation  was  found  to  be  over  fifty  times  that  in  the  absence  of 
connate  water  saturation,  for  the  same  fluids  and  porous  media. 

In  physical  terms,  C*  may  be  regarded  as  a  wettability 
index.  In  strongly  water-wet  porous  media  with  connate  water 


'■*"  a  '4  <:  ■■'•.!  x.)  ■  !(.55*'jt  vd  I'sJmvtc:'  rtt 

. 


169 


saturation,  C*  will  be  high,  whereas  for  oil -wet  media,  or  in  media 
without  connate  water  saturation,  it  will  be  low.  Between  these 
extremes,  will  be  C*  values  representing  intermediate  or  mixed 
wettability  conditions.  In  strongly  water-wet  media  therefore,  the 
increased  capillary  phenomena  consists  of  strong  capillary  imbibition 
which  spreads  the  injected  fluid  in  the  transverse  direction  to 
prevent  or  delay  the  onset  of  instability.  In  oil -wet  media,  or  in 
porous  media  without  connate  water  saturation,  there  is  little  or  no 
imbibition  except  at  very  low  displacement  rates.  The  absence  of  the 
beneficial  influence  of  imbibition  accounts  for  the  ease  with  which 
instability  can  be  induced  in  these  systems. 

7.5  OTHER  RESULTS 

Figure  7.3  compares  the  recovery  behaviour  of  the  present 
study  with  data  from  the  literature  at  favourable  viscosity  ratios. 

As  expected,  there  is  no  instability  in  either  system.  Instead,  the 
recovery  trends  closely  approximate  those  obtained  by  the  numerical 
solution  of  the  immiscible  displacement  equation  presented  in 
Figure  2.6. 

It  will  be  recalled  that  a*  was  employed  in  the  definition 
of  a  universal  capillary  pressure  curve  in  the  form  of  a  modified 
Leverett  J-function.  The  estimate  of  a*  by  measurements  on  viscous 
fingers  such  as  obtained  in  this  study  may  therefore  aid  in  the 
search  for  a  universal  capillary  pressure  function. 

Finally,  by  requiring  that  the  radial  group,  VywD2/a*L/Kcjr, 
obtained  by  an  insoectional  analysis,  equals  the  group,  VuwD2/a*K, 
obtained  by  a  stability  analysis,  it  can  be  shown  that  the  length 
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which  appears  in  the  former  group  is  of  pore  dimensions.  This 
observation  seems  to  be  in  agreement  with  that  of  Moore  and  Slobod  (29) 
who  claimed  that  in  strongly  water-wet  media,  the  length  that  appears 
in  the  linear  scaling  group  is  not  the  system  length  but  rather  the 
grain  or  pore  size  of  the  porous  medium. 


CHAPTER  8 


CONCLUSIONS  AND  RECOMMENDATIONS 

8.1  SUMMARY  AND  CONCLUSIONS 

A  stability  analysis  was  undertaken  to  predict  the  onset 
of  instability  that  might  lead  to  viscous  fingering  during  immiscible 
displacement  in  porous  media.  The  study  revealed  the  existence  of 
two  distinct  displacement  systems  depending  on  the  presence  or 
absence  of  connate  water  saturation.  The  analysis  resulted  in  the 
theoretical  predictions  of  the  onset  of  instability  in  both  systems 
for  commonly  encountered  displacement  geometries,  which  were  verified 
by  the  available  experimental  data.  A  successful  experiment  was 
devised  and  implemented  that  gave  further  insight  into  the  phenomenon 
of  viscous  fingering  in  the  two  systems.  New  dimensionless  scaling 
groups  were  derived  for  presenting  the  water  breakthrough  recovery 
data  to  give  them  the  widest  possible  application,  and  for 
differentiating  stable  from  unstable  displacements. 

The  theoretical  and  experimental  results  of  this  study  have 
led  to  the  following  conclusions: 

1.  Instability  resulting  in  viscous  fingering  during  immiscible 
displacement  in  porous  media  occurs  both  in  the  presence  and 
absence  of  connate  water  saturation. 

2.  The  onset  of  instability  occurs  at  a  lower  displacement  rate  in 
the  absence  of  connate  water  saturation  than  in  the  presence  of 
connate  water  saturation  for  the  same  fluids  and  porous  media. 
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3.  In  both  systems,  instability  results  in  an  initial  rapid 
decrease  in  breakthrough  recovery,  with  a  tendency  towards  an 
eventual  recovery  stabilization  at  a  lower  level  than  in  the 
stable  regime. 

4.  A  stability  theory  based  on  the  one-dimensional  Buckl ey-Leverett 
displacement  model  will  fail  to  reveal  instability  due  to  the 
loss,  by  assumption,  of  the  transverse  scaling  group  which 
determines  the  onset  of  instability. 

5.  A  stability  theory  based  on  a  piston-like  model  of  the 
displacement  suffices  to  predict  the  onset  of  instability  even 
in  the  Buckl ey-Leverett  type  displacements. 

6.  The  necessary  and  sufficient  condition  for  the  onset  of 
instability  in  a  cylindrical  system  is 


(M  -  1)(V  -  Vc)ywD2 


C*crK. 


13.56 


wr 


7.  The  necessary  and  sufficient  condition  for  the  onset  of 


instability  in  a  rectangular  system  is 


8. 


(M  -  1 ) (V  -  V  )y  L2L2 
 '  c/Mw  x  y 


>  9.87 


C*oKwr<Lx  +  LP 

The  constant  C*  is  5.45  in  the  absence  of  connate  water 
saturation  and  306.25  in  the  presence  of  connate  water 
saturation  for  an  unconsolidated  pack  of  Ottawa  sand  in  which 
distilled  water  displaces  Dow  Corning  oil.  The  corresponding 
Chuoke's  constants  are  25.40  and  190.45,  respecti vely. 
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9.  Laboratory  breakthrough  recovery  data  should  be  correlated  with 

the  dimensionless  group,  (M  -  1 ) (V  -  V  )y  D2/C*cjK  for 

3  r  c'  w  wr 

cylindrical  systems,  and  (M  -  1)(V  -  Vc)ywL2L2/C*aKwr(L2  +  L2) 
for  rectangular  systems  in  order  to  differentiate  stable  from 
unstable  displacements. 

10.  Unstable  breakthrough  recovery  data  should  be  correlated  with 

the  radial  group,  Vy.  D/a/Kf,  in  the  presence  of  connate  water 

w 

saturation,  and  with  the  linear  group,  Vu  L/a/ity,  in  the  absence 

w 

of  connate  water  saturation  to  permit  a  meaningful  comparison 
of  data  collected  on  geometrical ly  dissimilar  cores. 

8.2  PRACTICAL  APPLICATION  OF  THE  RESULTS 

The  results  of  this  study  should  be  of  interest  to  those 
involved  in  any  aspect  of  immiscible  displacement  in  porous  media. 

The  practicing  engineer  can  use  the  simple  equations  derived  in  this 
study  to  determine  the  stability  of  his  waterflood,  for  these 
equations  apply  to  laboratory  systems  as  well  as  to  petroleum 
reservoirs  of  the  same  geometry. 

The  numerical  simulation  expert  can  use  the  results  to 
determine  the  range  of  flood  properties  for  which  his  numerical 
prediction  technique  should  be  modified  to  incorporate  the  influence 
of  instability  during  immiscible  displacement.  This  modification  is 
necessary  if  the  numerical  model  is  to  closely  simulate  the 
behaviour  of  an  unstable  displacement. 

The  laboratory  technician  will  find  the  results  of  this 
study  valuable  in  planning  his  relative  permeability  experiments. 
Because  the  procedure  for  computing  relative  permeabilities  from 
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displacement  data  assumes  stable  displacements,  the  best  results  may 
be  expected  if  the  relative  permeability  tests  are  conducted  in  the 
stable  region.  However,  because  the  technician  often  uses  high 
displacement  rates  to  minimize  capillary  end  effects  and  adverse 
mobility  ratios  to  obtain  production  histories  suitable  for  relative 
permeability  determinations,  he  runs  the  risk  of  instability.  The 
stability  boundaries  derived  in  this  study  provide  him  with  a 
practical  guide  for  choosing  the  various  displacement  parameters  to 
obtain  stable  displacements. 

8.3  SUGGESTIONS  FOR  FURTHER  STUDIES 

The  following  studies  should  be  undertaken  to  extend  and 
complement  the  present  one. 

1.  Extensive  estimates  of  C*  should  be  undertaken  for  both 
unconsolidated  and  consolidated  porous  media  in  the  presence  and 
absence  of  connate  water  saturation.  In  making  these  estimates, 
direct  measurements  on  viscous  fingers  are  recommended  over 
indirect  estimates  based  on  the  breakthrough  recovery  data. 

2.  The  extensive  estimates  of  C*  should  permit  a  more  systematic 
verification  of  the  theoretical  onset  of  instability  derived  in 
this  study  for  both  cylindrical  and  rectangular  systems.  In 
conducting  such  a  systematic  study,  attempts  should  be  made  to 
vary  each  of  the  pertinent  variables  in  turn.  The  experiments 
should  therefore  be  arranged  to  vary  yQ/uw»  V,  D,  l_x,  L  ,  a  and  K. 

3.  The  connection  between  C*  and  hence  a*  with  a  universal  capillary 
pressure  function  should  be  further  investigated. 
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4.  Large  field  dimensions  and  low  permeabilities  may  combine  to 
ensure  that  field  displacements  are  always  unstable  over  most 
practical  rates.  Although  the  Buckl ey-Leverett  equations  cannot 
strictly  be  used  to  model  unstable  displacements,  the  second 
stabilized  breakthrough  recovery  under  conditions  of  extreme 
instability,  may  be  simulated  by  the  Buckl ey-Leverett  equations 
if  unstable  relative  permeability  curves  are  available.  It 
would  therefore  be  of  practical  interest  to  investigate  the 
possibility  of  obtaining  relative  permeability  curves  under 
conditions  of  extreme  instability. 

5.  A  stability  theory  based  entirely  on  the  Buckl ey-Leverett  model 
is  still  outstanding.  Although  no  new  information  is  likely  to 
be  revealed  by  such  a  theory,  its  proper  reconciliation  with 
that  based  on  the  piston-like  displacement  model  is  still 
worthwhile.  It  should  be  attempted. 
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APPENDIX  A 


NUMERICAL  SOLUTION  OF  IMMISCIBLE 


DISPLACEMENT  EQUATIONS 
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SUBROUTINE  BMAT(NfTNfTWfPNfPUfFfAfBfCfX) 

♦  TN<  1 )  >TW<  i  )  fF'N<  1  >  ,  PW<  1 )  f  A(Nf4>  fB<Nf4)  fC(Nf4)  * 

*X (NfJ) fF(1) 

SIMULTANEOUS^SOLUTIOnI^  0F  THE  BL0CK  TRInIAGamL  PRICES  FOR 

N  -  NUMBER  OF  GRID  BLOCKS.  NUMBER  OF  UNKNOWNS  IS  N*2 
TN  -  OIL  TRANSI MISSIBILITY  VECTOR 
TW  -  WATER  TRANS IMISSIBIL IT Y  VECTOR 
F’N  -  OIL  PHASE  PRESSURE  VECTOR 
PW  -  WATER  PHASE  PRESSURE  VECTOR 
A  -  MAIN  DIAGONAL 
B  -  LOWER  DIAGONAL 
C  -  UPPER  DIAGONAL 

X  -  R.H.S  OF  MATRIX  EQUATION  WITHOUT  SOURCE  TERMS 
F  -  CAPILLARY  COUPLING  VECTOR 

ALL  VECTORS  AND  MATRICES  HAVE  BLOCK  STRUCTURE  WITH  2  BY  2 
BLOCKS.  THE  ORDERING  OF  ELEMENTS  IN  BLOCKS  IS 

1  2  1 

AND 

3  4  2 

NN=N-1 
DO  1  I =2 1 NN 
B< I f 1 >=TN( 1-1 ) 

B ( I f  2  >  =0 . 

B  < I r  3 ) =0 ♦ 

B< I f  4 ) =TW< 1-1 ) 

A<Irl)=F(I)-TN(I-l) -TN ( I ) 

A< I f  2) =-F  < I ) 

A ( I f  3 ) =  -F  < I ) 

A ( I r  4 ) =F  < I > -TW< 1-1 ) -TW  < I > 

C  < I f 1 >  =TN  < I ) 

C( I»2>=0. 

C( If3>=0. 

C  < I r  4 ) =TW  < I ) 

X<If1)=-TN<I-1>*(PN<I-1)-PN(I)>+TN<T>*<PN<I>-PN<I+1>> 

X  ( I  f  2 )  =-TW  ( 1-1 ) #  <  F’W  ( 1-1 )  -PU  ( I )  )  +TW  ( I )  #  <  f>W  <  I )  -PW  ( 1  +  1  >  ) 

CONTINUE 

A ( 1 » 1 ) =F  < 1 > -TN< 1 > 

A ( 1 r  2>  =-F  < 1 > 

A(l»3>— F<1) 

A ( 1 f  4 ) =F ( 1 > -TW ( 1 ) 

C(1f1)=TN<1) 

C<1f2)=0» 

C< 1 f3)=0. 

C ( 1 f  4 ) =TW ( 1  ) 
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B(N,  1 >=TN(N-1) 

B(N,2>=0. 

D<  N, 3 >  =0 . 

B  (  N ,  4  >  =TW ( N-l ) 

A(N,1)=F(N)-TN(N-1> 

A(N,2)=-F(N) 

A<N,3)=-F(N> 

A(N,4)=F(N)-TW(  N-l  > 

X( 1 f 1 )=TN< 1)*(PN< 1 )-PN<2) > 

X(  1 ,  2>=TU<  1 )  *<PW(  1  >-PW<2)  > 

X<Nr  1  )=-TN(N-l)*(PN(N-l  )-PN(N>  ) 

X(Nf 2>=-TW(N-l )*<PU(N-1 >-PW(N> ) 

RETURN 

END 

SUBROUTINE  SOl.VE(N,A,B,C,D,X) 

D I MEN8 ION  A(N,4),B(N,4),C(N,4),D(N,2),X(N,2) 

DIMENSION  XAMDA (101»4) , GAMMA < 1 01 , 4 ) 

SOLUTION  OF  BI-TRIDIAGONAL  SYSTEM  OF  EQUATIONS 

A  -  MAIN  DIAGONAL 
B  -  UPPER  DIAGONAL 
C  -  LOWER  DIAGONAL 
D  -  R.H.S.  VECTOR 
X  -  SOLUTION  VECTOR 

N  -  NUMBER  OF  GRID  BLOCKS.  NUMBER  OF  UNKNOWNS  IS  N*2 

ALL  VECTORS  AND  MATRICES  HAVE  BLOCK  STRUCTURE  WITH  2  BY  ^ 
BLOCKS.  THE  ORDERING  OF  ELEMENTS  IN  BLOCKS  IS 

1  2  1 

AND 

3  4  2 

DO  10  1=1, N 
BETA1=A( 1,1) 

BETA2=A< 1,2) 

BETA3=A(I,3> 

BETA4=A( 1,4) 

IF ( I . EQ ♦ 1 ) GOTO  20 

BETA1=BETA1-C< I,1)#XAMDA< 1-1 , 1 ) -C ( I , 2 ) *XAMDA ( I - 1 , 3 ) 

BET A2=BET A2-C  <  I.  ,  1  >  *XAMDA  ( I  --1 , 2  ) -C  <  1 , 2  )  *XAMDA  <  I -1 , 4  ) 

BETA3=BETA3-C< I , 3 ) *XAMDA < 1-1 ,1) -0(1,4) *XAMDA( 1-1,3) 

BETA4=BETA4-C  <  I  ,  3)#XAMDA<  1-1 ,2)-C(  1 , 4) *XAMDA<  1-1,4) 

XMI=BETA1#BETA4~BETA2*BETA3 

XMIR=1 ./XMI 

DEL.TA1=D<  1,1) 

BELT A2=D< 1,2) 

IF ( I . EQ , 1 > GOTO  30 

DEL.TA1=DELTA1-C<  I  ,  1 )  *GAMMA ( 1-1 , 1  )-C(  1 , 2)*GAMMA(  1-1,2) 
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DELTA2=DELTA2-C(I  *  3>*GAMMA<  1-1  f  1  >  -C<  I f  4 )  *GAMMA  <  1-1  ?  2  > 

30  GAMMA  (  I  f  1  >=(BETA4#DELTA1-BETA2*DELTA2)#XMIR 
GAMMA  (  I  »  2  )  =  (  BETA!  *DELT A2-BET A3*DELTA1  )  *XMIR 
IF ( I ♦ ECJ »  N ) GOTO  10 

XAMBA< I» 1 >=<BETA4*B(If 1 > -BETA2*B < I f 3 > >*XMIR 
XAMBA<  1f2>=<BETA4*B<I  f 2 > -BETA2*B < I f 4 >  >*XMIR 
XAMDA(If3)=(BETA1*B(If3)-BETA3#B<If1)>#XMIR 
X A M B A (  I  f  4>=<BETA1*B( I  f 4 > -BETA3*B (  1 ,2)  )*XMIR 
10  CONTINUE 

X  ( N  f 1 >=GAMMA<Nf 1> 

X ( N  f  2 ) =GAMMA ( N »  2) 

NP1=N+1 
DO  50  K = 2  f  N 
]>NP1-K 

X( I f 1 ) =GAMMA( I f 1 ) -XAMDA ( I f1 )*X< 1+1 f 1 ) -XAMDA ( I f 2 ) *X < 1+1 f 2 ) 
X( If2)=GAMMA< I f2)-XAMDA( If3)*X( H 1 f 1 ) -XAMDA ( I f 4 ) *X < 1+1 f 2) 
50  CONTINUE 

RETURN 
END 

SUBROUTINE  TRANS (NfMfRKNfRKUf A f DX f UN f UW f SUR f SNR f SW f TW f TN> 
DIMENSION  SW(1>fTW(1)fTN(1) 

CALCULATES  WATER  AND  OIL  TRANSMISSIBILITIES 

N  -  NUMBER  OF  GRID  BLOCKS 

M  -  EXPONENT  OF  RELATIVE  PERMEABILITY  MODEL 
RKN  -  PERMEABILITY  TO  OIL  AT  INITIAL  WATER  SATURATION 
RKW  -  PERMEABILITY  TO  WATER  AT  RESIDUAL  OIL  SATURATION 
A  -  CROSS  SECTIONAL  AREA  OF  CORE 
DX  -  LENGTH  OF  GRID  BLOCK 
VN  -  OIL  VISCOSITY 
VW  -  WATER  VISCOSITY 
SWR  -  INITIAL  WATER  SATURATION 
SNR  -  RESIDUAL  OIL  SATURATION 
SW  -  WATER  SATURATION  VECTOR 
TW  -  WATER  TRANSMISSIBILITY  VECTOR 
TN  -  OIL  TRANSMISSIBILITY  VECTOR 

no  i  1=1 fN 

S=( SW( I )-SWR>/< 1 *-SWR-SNR) 

S=S**M 

TW(I>=(A*RKW*S)/<nX*VW> 

S=1 ,-S 

TN< I)=(A*RKN*S>/<DX*VN> 

1  CONTINUE 

RETURN 
END 

SUBROUTINE  CAPL ( N f SWR f PCR f BPV f DT f Y > 

DIMENSION  Y ( 1 > 


C 
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CALCULATES)  THE:  CAPILLARY  COUPLING  VECTOR. 

THIS)  EXAMPLE  ASSUMES)  A  LINEAR  CAPILLARY  VERSUS  SATURATION 
RELATIONSHIP.  IP  SOME  OTHER  CAPILLARY  MODEL  IS  ASSUMED »  THEN 
THIS  SUBROUTINE  MUST  BE  MODIFIED  ACCORDINGLY. 

N  -  NUMBER  OF  GRID  BLOCKS 
SWR  -  INITIAL  WATER  SATURATION 

PCR  -  CPAILLARY  PRESSURE  AT  INITIAL  WATER  SATURATION 
BPV  -  GRID  PORE  VOLUME 

Y  -  CAPILLARY  COUPLING  VECTOR.  Y  IS  CONSTANT  FOR  A  LINEAR 
CAPILLARY  PRESSURE  MODEL. 


S=1 .-SWR 
DO  1  J=1 » N 

Y(  J>=-<BPV*S>/(PCR*DT> 

1  CONTINUE 
RETURN 
END 

SUBROUTINE  RAF (Mr  RKN  r RKW »  VN  r  VW  *  SF » R ) 

C 

c  CALCULATES  THE  FRACTIONAL  FLOW  OF  WATER  IN  THE  LAST 

C  GRID  BLOCK  USING  WELGE'S  TANGENT  CONSTRUCTION. 

C 

C  M  -  EXPONENT  OF  RELATIVE  PERMEABILITY  MODEL 

C  RKN  -  PERMEABILITY  TO  OIL  AT  INITIAL  WATER  SATURATION 

C  RKW  -  PERMEABILITY  TO  WATER  AT  RESIDUAL  OIL  SATURATION 

C  VN  -  OIL  VISCOSITY 

C  VW  -  WATER  VISCOSITY 

C  SF  -  NORMALIZED  WATER  SATURATION  AT  THE  FRONT 

C  R  •-  SLOPE  OF  TANGENT  CONSTRUCTION 

C 

C  NEWTON-RAPHSON  IS  USED  TO  CALCULATE  SF  FOR  THE  CASE  IN 

C  WHICH  M  IS  GREATER  THAN  2. 

C 

B=RKN*VW 

A=RKW*VN 

SM=<B#(M-1>  >/<A-B> 

IF(M-2)1f2» 1 

2  CONTINUE 
SF-SQRT ( SM  > 

GOTO  6 

1  CONTINUE 

X  = .  2 

DO  4  1=1 >20 

Y  =  ( (M-l >*X**M+SM>/<M*X**(M-1>  > 

E=ABS<  Y-X) 

IF ( E- ♦ 000001 >  3  >  3 » 5 
5  CONTINUE 

X=Y 

4  CONTINUE 
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3  CONTINUE 
SF=Y 

6  CONTINUE 

R=<  A*SF**<  M-l )  )/<  A*SF**M+B*(  1  . -SF**M>  ) 

RETURN 

END 

SUBROUTINE  SAT ( N , A , D» T » DP, R , DS) 

DIMENSION  T  < 1 ) »DP< 1 ) t R< 1) ,DS< 1) 

C 

C  CALCULATES  SATURATION  CHANGES  AT  THE  END  OF  A  TIME  STEP 


c 

N  - 

NUMBER  OF  GRID  BLOCKS 

c 

A  - 

GRID  PORE  VOLUME 

c 

D  - 

TIME  STEP 

c 

T  - 

TRANSMISSIBILITY  VECTOR 

c 

DP 

-  PRESSURE  CHANGE  VECTOR 

c 

R  - 

R.H.S  VECTOR  OF  MATRIX  EQUATION 

c 

DS 

-  SATURATION  CHANGE  VECTOR 

C 

NN=N-1 
DO  1  1=1 ,NN 

X=T<I-1>*<DP<I-1)"DP<I> )-T(I)*(DP<I)-DP(I+l)> 

X  =  X--R  <  I ) 

DS( I)=(X*D)/A 
1  CONTINUE 

X=-T < 1 >*<DP( 1 ) -DP (2) )-R( 1 ) 

DS< 1>=(X*D>/A 

X=T ( NN  >  *  <  DP ( NN ) -DP ( N ) > -R ( N > 

DS(N>=(X*D)/A 

RETURN 

END 

C 

C 

C  THE  MAIN  PROGRAM  STARTS  HERE 

C 

C  L  -  TIME  STEP  COUNTER  AT  WHICH  PRINTED  OUTPUT  STARTS 

C  KK  -  TIME  STEP  INCREMENT  FOR  PRINTED  OUTPUT 

C  M  -  SATURATION  MODEL  EXPONENT 

C  N  -  NO  OF  GRID  BLOCKS  IN  THE  SIMULATOR 

C  QH  -  DISPLACEMENT  RATE  IN  CC/HOUR 

0  SIG  -  WATER/OIL  INTERFACIAL  TENSION  IN  DYNES/CM 

C  XL  -  CORE  LENGTH  IN  CM 

C  D  -  CORE  DIAMETER  IN  CM 

C  SWR  -  INITIAL  WATER  SATURATION 

C  SNR  -  RESIDUAL  OIL  SATURATION 

C  RKA  -  ABSOLUTE  PERMEABILITY  IN  DARCYS 

C  RKN  -  PERMEABILITY  TO  OIL  AT  INITIAL  WATER  SATURATION 

C  RKW  -  PERMEABILITY  TO  WATER  AT  RESIDUAL  OIL  SATURATION 

C  UN  -  OIL  VISCOSITY  IN  CENTIPOISE 

C  VW-  WATER  VISCOSITY  IN  CENTIPOISE 
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P  ~  FRACTIONAL  POROSITY 

FOR  -  CAPILLARY  PRESSURE!  AT  INITIAL  WATER  SATURATION  IN  ATM 
DTNOM  -  NORMALIZED  DIMENSIONLESS  TIME  STEP 
PRW  -  INITIAL  WATER  PRESSURE 


DIMENSION  TW(50>  >-TN(50)  »  SW ( 50 )  , PW ( 50 )  ,  PN  (  50  )  t  ALF<50) 

DIMENSION  A  (  50  ,  4 )  r  B  (  50  »  4  )  ,  C<  50 »  4  )  ,  X  (  50 , 2  )  »  Y  <  50  »  2  ) 

DIMENSION  XXW<50) »XXN(50) , DPWB ( 50 ) » DPNB ( 50 ) , DSW ( 50 ) , DSN ( 50 ) , SN < 50 ) 
L=100 

KK=100 

M=2 

N=50 

SIG=24.3 

0H=1120, 

0=GH/3600. 

XL=1 12 ♦ 8 
DX=XL/N 
D=4 <  972 

AX=3. 141593*D*D/4, 

SWR= . 0992 
SNR=.  51 
RKA=22  .  72 
RKN=20»  9 
RKW= 1.652 
UN=:105 . 363 
UW=1 » 028 
UR=UN/VW 

EM=(RKW*UN>/<UW*RKN> 

P».3544 
PCR=. 05 
PRW=1 • 

DTNOM= • 001 

PV=AX*XL*P 

BPV=AX*DX*P 

8N0M=1 ♦ -SWR-SNR 

DT=(DTNOM#PV#SNOM>/Q 

SCL.=  <  G*VW*  .  01*XL)  /  (  AX*SIG*SQRT  (  RKA*9 . 869E-09*P )  ) 

SCD=SCL*D/XL 
CUMN=0 » 

CUMJ=0. 

CUMW=0 . 

K=0 
SUM=0 . 

LT=0 

27  CONTINUE 
TIME=0. 

DTIME=0. 

DO  1  1=1, N 
SW( I)=SWR 
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SN ( I ) =1 ♦ -SWR 
F’W  (  I  )  =F’RW 
F'N  (  I )  =  F'W(  I  >  -FPCR 
1  CONTINUE 

0IP=PV*<1.-SWR> 

CALL  RAF<Mf  RKNfRKWf  ON f VWfSFf  SLOPE) 

2  CONTINUE 

8= ( SW ( N) -SUR) /SNOM 
IF ( S-SF ) 3  r  3f  4 

3  CONTINUE 
FW=SLOPE*S 
GOTO  5 

4  CONTINUE 

FW=<RKW*VN*S**M)/(RKW*VN*S**M+RKN*VW*<1.-S**M>> 

5  CONTINUE 
Ol—Q 
G2=0#FW 
G3=«*(1.~FW> 

6  CONTINUE 

CALL  CAF’L  <  N  f  SWR  r  PCR f  BPV  f  DT  f  ALF  ) 

CALL  TRANS (NfMf  RKNfRKWf  AXf  DXf  VN f VW f SWR f SNR f  SWfTWfTN) 
CALL  BMAT ( Nf  TNf  TWfF'NfPWf ALF  f  A f  B »  C f X ) 

X( 1 f2)=X< 1 f 2>KU 
X(Nr 1 )=X<Nf1 )+Q3 
X ( N »  2  >  =  X  ( N f  2) +02 
CALL  SOLVE<NfAfCfBfXfY) 

DO  7  1  =  1  fN 
XXN ( I ) =X  <  I  f  1 ) 

XXW(I)=X(If2) 

DPNB  (  I )  =Y  (  I  f  1  ) 

DPWB(I)=Y(If2> 

7  CONTINUE 

CALL  SAT(NfBPVfDTfTWfDPWBfXXWfDSW) 

CALL  SAT  (  N  f  BPV  r  DT  r  TNf  DF'NB f  XXN f  DSN) 

C 

C  CHECK  FOR  EXCESSIVE  SATURATION  CHANGE  AND 

C  HALVE  THE  TIME  STEP  IF  NECESSARY 

C 

DO  14  1  =  1  fN 

IF ( ABS ( DSW< I) ) .  GT »  »1)G0T0  15 
1.4  CONTINUE 

SUhl=0. 

DO  1.6  1  =  1  fN 
SIJM1=SUM1+SW<  I ) 

PW  <  I  >  =F‘W  <  I )  +DPWB<  I ) 

F'N  (  I  )  =PN  <  I )  +DPNB  ( I ) 

SW(1)=SW<I)+DSW(I) 

SN( I)=SN< I)+DSN(I) 

16  CONTINUE 

C 


' 


351 

352 

353 

354 

355 

356 

357 

358 

35? 

360 

361 

362 

363 

364 

365 

366 

367 

368 

369 

370 

371 

372 

373 

374 

375 

376 

377 

378 

379 

380 

381 

382 

383 

384 

385 

386 

387 

388 

389 

390 

391 

392 

3°3 

394 

395 

396 

397 

398 

399 

400 


non 
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CHECK  FOR  NEGATIVE  SATURATION  AND 
HALVE  THE  TIME  STEP  IF  NECESSARY 

DO  17  1=1 fN 
IF ( SW ( I )  ♦  LT ♦  0  ♦  >GOTO  15 

17  CONTINUE 
GOTO  35 

15  CONTINUE 

DT=DT/2. 

GOTO  6 

35  CONTINUE 

CUMN=CUMN+Q3*DT/0IP 

CUMJ=CIJMJ-Q1*DT/PV 

CUMU=CUMW+Q2*DT/PV 

W0R=02/03 

IF (WOR.GT. 1000. > GOTO  28 
SLJM2=0. 

SUM3=0. 

no  is  1=1 fN 

Sl)M2=SUM2+SW<  I  > 

SUM3=SUM3+( l.-SW(I) > 

18  CONTINUE 

ET.NC=(BPV*(SUM2-SUM1>/<Q3*DT>>-1* 

ECUM=< (0IP-BPV*SUM3)/(CUMN#0IP>  >-l. 

EINC=EINC*100. 

ECIJM=ECUM#100. 

K=K+1 

TIME=TIME+DT 

DTIME=DTIME+  <  DT#G) / ( PVfcSNOM) 

IF<K-L>2f19f 19 

19  CONTINUE 
LT=LT+1 

WRITE:  <  6  f  20  )  LT  f  DTIME 

20  FORMAT (' 1 ' ///////////////50Xf ' TABLE  A'fII// 

» 3 1.  X  f  "SATURATION  PROFILE  AT  A  DIMENSIONLESS  TIME  0F'fF4.1/> 
WRITE(6f21 > Kf TIME f DTIME f CUM JfCUMNfCUMWfWOR 

21  FORMAT < '  '//31Xf'N0  OF  TIME  STEPS 7 f 1 4X f '  =  ' f 1 10/ 

#31Xf  'ACTUAL  TIME'  f1?Xf  '=' f F10 , 1 f IX f ' SECONDS' / 

#31Xf 'DIMENSIONLESS  TIME' f 12Xf '=' fF10.2/ 

#31 Xf 'CUMULATIVE  WATER  INJECTED' f5Xf '=' fFIO.Sf 1X» 'PORE  VOLUMES'/ 
#31  X  f  '  CUMULATIVE  OIL  PRODUCED'  f7Xf  '  =  '  fFIO.SfIXf  '7.I0IP'/ 

*31Xf 'CUMULATIVE  WATER  PRODUCED' t 5X f '=' f F10 ♦ 5f IX f ' PORE  VOLUMES'/ 
#31 Xf 'WATER-OIL  RATIO' f 15X f ' = ' f F10 . 3 > 

WR I TE ( 6 f 22 ) El NC f  ECUM  f  OH  f  VR  f  EM  f  SCL  f  SCD 

22  FORMAT ('  '» 30Xf ' INCREMENTAL  MAT.  BAL.  ERROR ' f 3X f '=' r 
#F10. 5 f IX f 'PERCENT'/ 

#31Xf 'CUMULATIVE  MAT.  BAL.  ERROR ' f 4X f '=' f FI 0 . 5 f 1 X f ' PERCENT ' / 

#  3 1 X  f 'VOLUMETRIC  DISPLACEMENT  RATE' f2Xf '  =  ' f FI 0 . 1 f IX f ' CC/HOUR ' / 
*31Xf 'OIL-WATER  VISCOSITY  RATIO ' f 5X f ' = ' f F10 ♦ 3/ 

# 3 1 X f 'END  POINT  MOBILITY  RATIO' f 6X f '  = ' f F10 . 3/ 


. 


401 

402 

403 

404 

405 

406 

407 

408 

409 

410 

411 

412 

413 

414 

415 

416 

417 

418 

419 

420 

421 

422 

423 
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*31 X  f ' LINEAR  SCALING  COEFFICIENT 'f 4X f'  =  'f 1PE10 *  3/ 
*31Xf  '  RADIAL  SCALING  COEFFICIENT'  f  4Xf  '  =  '  f  1PE10.  3//) 
WRITE ( 6  r  23 ) LT 

23  FORMAT ( ' 1 ' // /46X t ' TABLE  A' f II f IXf 'CONTINUED'/// 
*43Xf ' GRID' f IOXf 'NORMALIZED'/ 

*  4  3  X  f 'POINT' f  9X  f 'SATURATION'/ 

*43X  t  ' - '  ) 

DO  25  1  =  1  fN 
UATS= <  SU ( I > -SUR ) /SNOM 
01 LS= ( SN  < I ) -SNR ) /SNOM 
WRITE<6f24> If WATS 

24  FORMAT ( '  ' f 40X f 14 f F21 . 6 > 

IF ( 0 . -WATS) 26 r  29 f  29 

26  CONTINUE 

25  CONTINUE 

29  CONTINUE 

IF ( K » EG  *  600 ) GOTO  28 

L=L4KK 

GOTO  2 

31  FORMAT ( '  ' f 10Xf2F20.8> 

32  CONTINUE 

28  CONTINUE 

END 


. 


t 


TABLE  A 1 


SATURATION  PROFILE  AT  A  DIMENSIONLESS  TIME  OF  0 ,  I. 


NO  OF  TIME  STEPS 
ACTUAL  TIME 
DIMENSIONLESS  TIME 
CUMULATIVE  WATER  INJECTED 
CUMULATIVE  OIL  PRODUCED 
CUMULATIVE  WATER  PRODUCED 
WATER-OIL..  RATIO 
INCREMENTAL  MAT,  BAL,  ERROR 
CUMULATIVE  MAT,  BAL,  ERROR 
V  0  L.  U  M  E  T  R I C  D I S  P  L  A  C  E  M  E  N  T  R  A  T  E 
OIL™ WATER  VISCOSITY  RATIO 
END  POINT  MOBILITY  RATIO 
L.  I N  E  A  R  E>  V,  A  L.  I N  G  C  0  E  E  F I C I E  N  T 
RADIAL  SCALING  COEFFICIENT 


=  1.00 
~  97,5  SECONDS 

=  0 , 1 0 

=  0,03900  PORE  VOLUME 

=  0,04330  %IOIP 

=  0,0  PORE  VOLUME 

-  0 *  o 

=  -0,00376  PERCENT 

™  0,01926  PERCENT 

=  .1.120,0  CC/HOUR 

=  102,493 

=  0 , 1 0 1 
=  2,71 3  Ei!  +  0  0 
=  1 , 196E-01 


. 

table:  ai  continued 


gri  i:» 

NORMAL I ZED 

F  *  □  I  NT 

SATURATION 

1. 

0 ♦ 873659 

n 

A.. 

0*753178 

3 

0 ♦ 635888 

4 

0  *  576467 

5 

0 ♦ 508925 

6 

0*448366 

7 

0*390471 

8 

0*329971 

9 

0  *  258077 

1 0 

0*159340 

1 1 

0*0441 00 

12 

0*00 1494 

13 

0*  000000 

14 

0  *  0 

TABLE  A 2 


SATURATION  PROFILE  AT  A  DIMENSIONLESS  TIME  OF  0,2 


NO  OF  TIME  STEPS 
ACTUAL  TIME 
DIMENSIONLESS  TIME 
C  U  M IJ  L.  A  T I U  E  W  A  T  E  R  I N  J  E  C  T  E  D 
CUMULATIVE  OIL  PRODUCED 
CUMULATIVE  WATER  PRODUCED 
WATER-OIL  RATIO 
INCREMENTAL.  MAT  ,  DAL  ,  ERROR 
CUMULATIVE  MAT,  DAL,  ERROR 
V  0  L  U  M  E  7'  R I C:  D I S  P  L  A  C  E  M  E  N  T  R  A  T  E-I 
OIL- WATER  VISCOSITY  RATIO 
END  POINT  MODI L. ITY  RATIO 
L  I  N  E  A  R  S  C  A  L I N  G  C  0  E  E  E I C I E  N  7 
E  A  D I A  L  S  C  A  L.  I N  G  C  0  E:“  Fr  Fr  I C I E  N  T 


===  200 

==  1.95*0  SECONDS 

=  0,20 

==  0*0781.6  PORE  VOLUME 

”  0,08677  %IOIP 

-  0,0  PORE  VOLUME 

SS  0 , 0 

=  0,00401  PERCENT 

=  0,00973  PERCENT 

=  1120,0  CC/HOUR 

=  102,493 

-  8 , 1 0 1 

™  2 ♦ 713E+00 

=  1  ♦  196E-01 


table: 

A 2  CONTINUED 

GRI D 

F;,0 1  NT 

NORMAL.  I  ZED 
SATURATION 

1 

n 

A.. 

0 ♦ 964274 
0*901123 

3 

4 

5 

6 

7 

B 

9 

10 

1 1 

12 

13 

14 

1 5 

16 

17 

1 8 

19 

20 

21 

nn 

*’.•  A*.. 

0*833208 
0*770066 
0*713933 
0*664091 
0*619748 
0*579807 
0*54 3  2  5 3 
0*509460 
0*477379 
0*44650 1 

0  *  4 1 5835 
0*384250 
0*350069 

0  *  3 1 0 1 1 7 
0*258 123 
0* 181 037 
0*071 854 
0*  005666 
0*000012 

0  *  0 

TABLE  A3 


SATURATION  PROFILE  AT  A  DIMENSIONLESS  TIME  OF  0,3 


NO  OF  TIME  STEPS 
ACTUAL  TIME 
DIMENSIONLESS  TIME 
CUMULATIVE  WATER  INJECTED 
CUMULATIVE  OIL  PRODUCED 
CUMULATIVE  WATER  PRODUCED 


300 

292 , 5  SECONDS 
0,30 

0*11724  PORE  VOL 
0  ,  13015  %IOIP 
0*0  PORE  VOL 


WATER-OIL  RATIO 
INCREMENTAL  MAT,  BAL,  ERROR 
CUMULATIVE  MAT,  BAL,  ERROR 


0 , 0 

-0,00087  PERCENT 
0,00687  PERCENT 


V  0  L IJ  M  E  T  R 1 0  D I S  P  L  A  C  E  M  E  N  T  R  A  T  E 
OIL- WATER  VISCOSITY  RATIO 
END  POINT  MOBILITY  RATIO 
L.  I N  E  A  R  S  C  A  L I N  G  C  0  EL’  F  F I C I E  N  T 
RADIAL  SCALING  COEFFICIENT 


=  1120,0  CC/HOIJR 

102,493 
=  8 , 1 0 1 

=  2 , 713E+00 
----  1,196E-01 


. 


TABLE-  A3  CONTINUED 


GRID  NORMALIZE- D 

POINT  SATURATION 


1  0,989482 


'•> 

A~ 

0 , 960207 

3 

0,91.7461. 

4 

0,869984 

5 

0 , 823333 

6 

0,779427 

7 

0 , 739090 

8 

0,7021.67 

9 

0,668258 

1 0 

0 , 637305 

1 1 

0,608446 

12 

0,581.756 

:l.  3 

0,55671.7 

14 

0,533046 

.1.5 

0,51. 0479 

1.6 

0,488862 

1.7 

0,467823 

1.8 

0,447109 

1.9 

0,426462 

20 

0 , 405434 

21. 

0,383369 

'•>  n 

A..  A~ 

0,359465 

23 

0,332047 

24 

0 , 298250 

25 

0,251.923 

26 

0 , 1. 80327 

n 

A*..  / 

0,074823 

28 

0 , 006540 

')  o 

A*..  .* 

0,0000 1. 8 

30 

0 , 0 

TABLE  A4 


SATURATION  PROFILE  AT  A  DIMENSIONI... 


F  9  9 

I...  w  \.f 


TIME  OF  0,4 


NO  OF  TIME  STEPS 
ACTUAL  TIME 
DIMENSIONLESS  TIME 
0 LJ M U L A T I U E  WAT E R  I N J E C T E D 
C  U  M  U I...  A  T I V  E  0 1 L  F;'  R  0  D  U  C  E  D 
CUMULATIVE  WATER  PRODUCED 
WATER- OIL  RATIO 
INCREMENTAL  MAT,  DAL,  ERROR 
C  U  M  U  L  A  T I V  E  M  A  T  ,  B  A  L  ,  E  R  R  0  R 
V  0  L  U  M  E  T  R I C  D I S  P  L  A  C  E  M  E  N  T  R  A  T  E 
0 1 L  -  W  A  7'  E  R  V I S  C  0  S I T  Y  R  A  7'  1 0 
END  POINT  MOBILITY  RATIO 
LINEAR  SCALING  COEFFICIENT 
R  A  D I A  L  S  C  A  L.  3:  N  G  C  0  El  P  Fr  I C I E  N  7 


400 

390,0  SECONDS 
0,40 

0,13631.  PORE  MOL UME 
0,17333  %IOIP 
0,0  PORE  VOLUME 

0 , 0 

-0,00376  PERCENT 
0,00372  PERCENT 
11.20,0  CC/HOUR 
1 02,493 
8 , 1 0 1 
2 ♦ 713E+00 
1. ,  196E-01 


m 


. 


TABLE  A 4  CONTINUED 


G  R  I D 

POINT 

NORMALIZED 

SATURATION 

1 

0,996921. 

'•> 

a\. 

0*984784 

3 

0*961039 

4 

0  *  928667 

5 

0*892404 

6 

0*855307 

7 

0*81.9475 

8 

0  *  783528 

O 

/ 

0*733642 

1.0 

0*7241. 80 

1.1. 

0*696506 

1. 2 

0*670900 

13 

0  *  646837 

1.4 

0*624330 

15 

0*603029 

16 

0  *  582973 

17 

0*363940 

1 8 

0  *  543629 

3.9 

0*328210 

20 

0*51. 1390 

21. 

0  *  495033 

22 

0*4791.39 

23 

0  *  463470 

24 

0*448019 

25 

0*432537 

26 

0*416879 

27 

0  *  400684 

28 

0  *  383742 

29 

0*365394 

30 

0*344723 

33. 

0*320 1.1.4 

32 

0  *  288462 

33 

0*243268 

34 

0*  1.71. 1.30 

33 

0*066219 

36 

0*004856 

37 

0  *  000009 

38 

0  *  0 

. 


TABLE  A 5 


SATURATION  PROFILE  AT 


A  DIMENSIONLESS  TIME 


OF  0*5 


NO  OF  TIME  STEPS 
ACTUAL  TIME! 

DIME NS I ONL ESS  TIME 
CUMULATIVE  WATER  INJECTED 
CUMULATIVE  OIL  PRODUCED 
CUMULATIVE  WATER  PRODUCED 
WATER-OIL  RATIO 
INCREMENTAL  MAT*  DAL*  ERROR 
CUMULATIVE  MAT*  DAL*  ERROR 
V  0  L  U  M  E  T  R I C  D I S  P  L  A  C  E  M  E  N  T  R  A  T  E 
OIL- WATER  VISCOSITY  RATIO 
END  POINT  MODI L..ITY  RATIO 
L I N  E  A  R  S  C  A  L I N  6  C  0  E  F  F I C I E  N  T 
R  A  D I A  L  S  C  A  L.  I N  0  C  0  E  F  F I C I E  N  T 


500 


487*5  SECONDS 
0*50 

0*1.9539  PORE  VOLUME 

0*21691.  %IOIP 

0*0  PORE  VOLUME 


0*0 

0*00576  PERCENT 
0*00448  PERCENT 
1.1.20*0  CC/HOUR 
1 02*493 


2  *  71.3  E  TOO 
1  *  1.96E-01. 


TABLE  A 5  CONTINUED 


GRID  NORMALIZED 

ROINT  SATURATION 


1. 

0 * 9991 03 

'■> 

A.. 

0  +  99447  B 

3 

0 * 9 B 27 60 

4 

0*963013 

5 

0  *  937130 

6 

0*907698 

7 

0  *  877247 

8 

0*846932 

9 

0*817370 

10 

0  *  789832 

1 1 

0*763408 

12 

0*738676 

13 

0*713296 

1 A 

0*693364 

1 3 

0  *  672322 

1  6 

0  *  632936 

17 

0*634444 

1 B 

0*616647 

19 

0  *  399889 

20 

0  *  383809 

21 

0*368389 

'>  o 

A..  A.. 

0*333393 

'■)  -x 

A..  V./ 

0*339219 

24 

0  *  325442 

23 

0*512032 

26 

0*498991 

27 

0  *  486106 

2  B 

0*473558 

29 

0*461187 

30 

0*448826 

31 

0*436503 

r> 

V. *  A.. 

0*424074 

33 

0*41 1360 

34 

0  *  398293 

33 

0*384477 

36 

0  *  369653 

37 

0*333178 

3B 

0*334040 

39 

0*310504 

40 

0*2791 19 

41 

0*232611 

42 

0*136481 

43 

0*032003 

44 

0*002650 

43 

0*000002 

46 

0*0 

TABLE  A 6 


SATURATION  PROFILE 


AT  A  DIMENSIONLESS  TIME  OF  0 


6 


NO  OF  TIME  STEPS 
ACTUAL  TIME 
DIMENSIONLESS  TIME 
CUMULATIVE  WATER  INJECTED 
CUMULATIVE  OIL  PRODUCED 
CUMULATIVE  WATER  PRODUCED 
WATER -OIL  RATIO 
INCREMENTAL  MAT*  BAL*  ERROR 
CUMULATIVE  MAT  *  BAL  *  ERROR 
VOLUMETRIC  DISPLACEMENT  RATE 
OIL- WATER  VISCOSITY  RATIO 
END  POINT  MOBILITY  RATIO 
L I N  E  A  R  S  C  A  l_  I N  G  C  0  E  F:'  F I C I E  N  T 
RADIAL  SCALING  COEFFICIENT 


-  600 

=  584*9  SECONDS 

==  0*60 

==  0  +  23447  PORE  VOLUME; 

=  0+25969  %IOIP 

=  0  +  00054  PORE  volume; 

==  0  +  1.77 

=  0+10595  PERCENT 

=  0+00324  PERCENT 

-  1120+0  CC/HOUR 

102+493 
8  + 1 0 1 
==  2  +  713E  +  00 
=  1+196E-01 


TABLE 

A 6  CONTINUED 

GRI D 
POINT 

NORMAL I ZED 
8 AT UR AT I  ON 

1 

-» 

A.. 

3 

0 ♦ 999739 

0  *  998076 

0 , 992833 

4 

5 

6 

7 

8 

9 

10 

1 1 

12 

13 

14 

15 

16 

17 

1 8 

19 

20 

21 

2  2 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

47 

48 

49 

0 , 982023 

0 ♦ 965283 

0 , 943639 
0,919202 

0 , 893269 

0 , 867053 
0,841522 
0,8 16635 
0,793046 
0,770441 
0,749136 

0 , 7287 1 1 
0,709466 
0,691271 
0,673717 
0,657193 
0,641385 
0,626244 
0,61 1760 

0 , 597734 
0,584368 
0,571441 
0,559035 
0,546773 
0,535091 

0 , 523704 
0,512488 
0,50 1625 
0,490958 

0 , 480406 
0,470057 

0 , 459826 
0,449443 
0,439341 
0,429048 
0,41 8625 

0 , 407966 

0 , 396935 
0,385346 

0 , 372935 
0,359294 
0,343777 
0,325285 
0,301834 

0,269468 

0,219550 

X 


Table  A7 


BREAKTHROUGH  RECOVERY  PREDICTED  BY 
ONE-DIMENSIONAL  NUMERICAL  SIMULATOR 


Breakthrough  Recovery  (%I0I P ) 


Vy  L/ a/J^jT 

W 

M  =  1.922 

M  =  8.101 

6.055xl0'3 

16.36 

14.97 

1.211 xTO-2 

20.11 

17.35 

4. 844x1 0"2 

28.46 

21 .69 

1 .211x1 0-1 

33.84 

22.52 

2.422xl0_1 

36.66 

23.38 

4.844X10"1 

38.18 

23.90 

1.211x10° 

39.08 

24.25 

1.938x10° 

39.17 

24.34 

2.713x10° 

39.35 

24.38 

APPENDIX  B 


RHEOLOGICAL  PROPERTIES  OF  MODEL  FLUIDS 


r- 


x 
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Table  B1 


SUMMARY  OF  VISCOMETER  TESTS 


Dow 

Corning  200 

MCT 

30 

Shear  Rate 

Shear  Stress 

Shear  Rate 

Shear  Stress 

(Sec-1 ) 

(dynes/cm2) 

(Sec-1 ) 

(dynes/cm2) 

2.34 

8.95 

2.34 

8.95 

4.68 

14.20 

4.68 

14.20 

9.36 

25.00 

9.36 

26.85 

18.72 

35.80 

18.72 

53.40 

37.44 

53.40 

37.44 

107.10 

74.88 

89,20 

74.88 

214.20 

169.42 

178.40 

169.42 

428.10 

299.52 

347.85 

299.52 

874.10 

423.54 

499.40 

423.54 

1230.90 

599.04 

713.60 

599.04 

1748.50 

847.08 

1034.90 

1198.08 

1480.90 

— •  % 
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Table  B2 

VERIFICATION  OF  DARCY'S  LAW 


L 

d 

u 

Q 

AP 

Fluid  Type 

cm 

cm 

cp 

cc/sec 

atm 

Distilled  Water 

112.8 

4.961 

1.028 

0.3111 

0.0803 

0.2667 

0.0724 

0.2222 

0.0592 

0.1778 

0.0487 

0.0000 

0.0000 

Dow  Corning  200 

115.6 

4.972 

105.363 

0.3111 

10.4650 

0.2222 

7.5303 

0.1333 

4.5439 

0.0889 

3.0573 

0.0556 

1.9284 

0.0014 

0.0476 

0.0000 

0.0000 

MCT  30 

23.6 

4.844 

310.532 

0.3111 

6.9275 

0.2222 

4.9697 

0.1778 

3.9860 

0.1111 

2.4920 

0.0556 

1.2486 

0.0222 

0.4878 

0.0111 

0.2426 

0.0000 

0.0000 

APPENDIX  C 


COMPUTER  PROGRAM  FOR  PROCESSING 
PRESSURE  RECORDS  FROM  PAPER  TAPE 


X 


1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

47 

48 

49 
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C***************** A****  *  ****************** ********** ********* **********C 


c  c 

SUBROUTINE  RDSCAN ( TIME  ?  TRNDCR ?  IOU ?  WRK  ?  *  ?  *  ) 

c  c 

C -  RDSCAN  reads  one  complete  scan  stored  in  a  single  record  C 

C -  and  converts  the  scan  data  to  the  internal  processing  form.  C 

C -  The  time  of  each  scan  is  returned  in  seconds.  The  transducer  C 

C -  readings  are  returned  in  volts.  Error  readings  are  set  to  C 

C -  the  maximum  negative  number?  i.e.  bit  pattern  X'FFFFFFFF'.  C 

C  C 

C -  If  an  End-of-File  condition  occurs  while  reading?  this  routine  C 

C -  RETURNS  to  the  statement  label  replacing  the  first  ■**  in  the  C 

C -  parameter  list.  If  an  Error  condition  occurs  while  reading?  C 

C -  the  routine  RETURNS  to  the  second  statement  label.  C 

C  C 

C  TIME  -  time  of  scan  in  seconds  (real  variable).  C 

C  TRNDCR  -  transducer  readings  in  volts  (real  vector).  C 

C  I0U  -  logical  input  unit  to  which  data  file  is  attached.  C 

C  WRK  -  work  area  same  length  as  TRNDCR  (integer  vector).  C 

C  C 


C*************************** ******************************** ***********C 

REAUK4  TRNDCR ( 1 ) ? MAXNEG/ZFFFFFFFF/ 

INTEGERS  URK(l) ? ALARM/'*  '/ 

C 

C —  Read  a  complete  scan  -  next  input  record. 

READ ( 1 0U? 1000 ?  END-91 ?  ERR=92 )  I HR? MIN? I SEC ? 

*  ( WRK (2*1-1 ) ?  TRNDCR ( I ) ?URK(2*I ) ? 1  =  1 ? 12) 
1000  FORMAT ( 2X  ?  3 ( 12? IX ) ? 5 ( A1 ? 3X ? F6 . 0 ? 1 1 ) ? 2X ? 6 ( A 1 ? 3X ? F6 . 0 ? 1 1 ) ? 

*  2X?A1 ?3X?F6.0? II ) 

C 

C —  Compute  the  time  of  scan  in  seconds. 

TIME-“3600*IHR+60*MIN+ISEC 

C 

C —  Compute  the  transducer  values. 

DO  50  1=1? 12 

IF  (URK(2*I~1> .ER. ALARM)  GOTO  45 
INT=-URK(2*I> 

TRNDCR ( I )=TRNDCR( I >*10. **INT 
GOTO  50 

45  TRNDCR ( I >=MAXNEG 
50  CONTINUE 
RETURN 
C 

C —  If  end-of-file  on  input?  return  to  first  statement  in  list. 

91  RETURN1 
C 

C —  If  error  on  input?  return  to  second  statement  in  list. 

92  RETURN2 
END 
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REAL  X(12) fY(12> 

INTEGER  M ( 12 >  r INT < 12) 

DC)  1  J=1  r  12 
M< J)=J 
X< J>=0. 

Y< J)=0. 

1  CONTINUE 
L=0 
T1=0® 

WRITE( 6 » 2) 

2  FORMAT (  /  l/  //////53Xr' TABLE  D2'// 

*45X* 'PRESSURE  HISTORY  -  RUN  14'//// 

*T25» ' INLET ' f  T1 12  * ' OUTLET7 / ) 

WRITE (  6 » 3  > (  M  ( J  > f J-lf 12) 

3  FORMAT ( '  ' »  5X  » ' TIME  < SECS ♦>' r 1218// > 

WRITE(6»8)Tlr <Y< J>  » J=lr 12 > 

8  FORMAT ( '  ' r6XfF8*0»5X»12FB*2f I10> 

CALL  RDSCAN ( T1 »  X »  4  r INT »  &44  f  &44 ) 

N=600 

12  CONTINUE 

l.=L  +  l 

CALL  RDSCAN ( T2 » Y t 4 » INT «■  544  r 855 ) 

T2=T2-T1 

DO  9  J=1 » 12 

Y(J)=(Y(J)-X(J))#200* 

S=YC J) 

Y  ( J>  =AE<S  ( S) 

9  CONTINUE 

WRITE ( 6  f  8>  T2» ( Y ( J  >  r  J=1 » 12) 

I F  <  L ♦ LT ♦ N ) GOTO  12 
44  CONTINUE 

GOTO  57 

55  CONTINUE 
WRITE <6» 56) 

56  FORMAT ('  ' r 20X  t ' ENCOUNTERED  DIFFICULTIES  IN  READING  DATA  ') 

57  CONTINUE 
END 


a 


w"'V 


APPENDIX  D 


RECOVERY  AND  PRESSURE  DATA  FOR  RUNS  14  AND  28 


PRODUCTION  HISTORY  -  RUN  14 


215 


C3 

1-  CL  1 

o 

-0 

ro 

x 

_J 

O 

CCZH  I 

• 

♦ 

♦ 

H-i 

i X 

LiUJO  1 

o 

00 

u 

o 

UL 

ClUh.  I 

CM 

rO 

CO  Ul  1 

CO 

x  ui  a  co  _i  i 

o 

3  i-  o  O  O  1 

O 

o 

© 

3  <t  CH  Cl.  ©  1 

• 

♦ 

♦ 

3  Cl.  1 

1 

1 

1 

o 

o 

o 

1 

1 

1 

Q  1 

O' 

CM 

£hUJ  LJ  1 

>0 

© 

3  3  “5  CO  _l  1 

o 

CM 

M 

OJZ  3  0  1 

♦ 

♦ 

♦ 

U-  1-i  Cl  3  1 

1 

1 

a 

o 

o 

© 

1 

l 

l 

x  q  i 

© 

o 

CM 

3-1001 

♦ 

• 

♦ 

LHiiO  1 

o 

ill 

<r 

C  Cl  1 

o 

cm 

1 

CM 

CM 

CO  1 

o 

© 

© 

r  Lieu  i 

♦ 

♦ 

♦ 

3  t-  O  O  i 

o 

o 

*o 

o  <r  co  i 

3  CL 


1 

a  t 

© 

© 

CM 

3  m  O  1 

♦ 

♦ 

♦ 

3  3  0  0  1 

© 

in 

© 

O  _i  CO  O  1 

© 

ro 

Li.  u.  1 

1 

CM 

CM 

UJ  1 

© 

© 

CM 

CO  -I  Ci  1 

♦ 

♦ 

♦ 

O  1-1  O  O  1 

© 

in 

CN 

ZDiCO  1 

H 

i— i  lL  1 

CM 

U  CO 

1 

1 

CO  LU 

Ci  1 

o 

© 

© 

O  1- 

O  O  1 

♦ 

♦ 

* 

z  <r 

1-1  3 

CO  O  1 

CL  i 

© 

© 

M3 

rs 

IN 

ro 

O' 

ro 

CM 

N 

© 

♦ 

♦ 

♦ 

• 

• 

• 

♦ 

♦ 

<T 

IN. 

© 

CM 

in 

rs 

CO 

O' 

ro 

IO 

<3- 

<r 

<r 

*r 

IO 

in 

CM 

CM 

CM 

O' 

CM 

CO 

cm 

IN. 

© 

ro 

M3 

rl 

in 

© 

© 

© 

tH 

H 

Cl 

CM 

• 

♦ 

♦ 

♦ 

♦ 

♦ 

♦ 

• 

o 

© 

© 

O 

© 

o 

© 

© 

CO 

O' 

© 

in 

00 

CM 

in 

CO 

O' 

in 

o 

in 

H 

<s 

H 

ro 

ro 

<r 

in 

in 

M3 

M3 

rN 

♦ 

♦ 

♦ 

♦ 

♦ 

♦ 

♦ 

♦ 

© 

© 

© 

o 

© 

© 

© 

o 

CM 

CM 

LO 

ro 

<r 

© 

in 

H 

• 

♦ 

• 

♦ 

♦ 

♦ 

♦ 

• 

CO 

© 

CO 

<r 

CO 

b3 

H 

«T 

fM 

CO 

CM 

ro 

<T 

in 

CM 

CM 

CM 

ro 

ro 

ro 

ro 

ro 

in 

© 

© 

o 

© 

© 

in 

bl 

♦ 

♦ 

• 

• 

♦ 

♦ 

♦ 

• 

rs 

<T 

in 

CO 

H 

O' 

H 

>Q 

H 

ro 

in 

fN 

o 

tH 

CM 

o 

r-f 

0* 

H 

IS 

CM 

uo 

ro 

<r 

o 

© 

'O 

♦ 

♦ 

♦ 

• 

• 

♦ 

♦ 

♦ 

in 

<r 

ro 

LO 

in 

rs 

IS 

IS 

M3 

© 

<r 

3 

CM 

M3 

© 

«T 

CM 

ro 

ro 

ro 

«r 

<T 

uo 

in 

© 

o 

ro 

3 

T* 

M3 

uo 

M3 

♦ 

♦ 

♦ 

♦ 

• 

♦ 

♦ 

♦ 

c 

CM 

3 

Cu 

ro 

rs 

b-) 

CM 

CM 

H 

rH 

H 

in 

in 

© 

o 

O 

© 

in 

© 

♦ 

• 

♦ 

♦ 

♦ 

♦ 

♦ 

♦ 

H 

M3 

H 

ro 

ro 

3 

CM 

in 

^■4 

cm 

CM 

CM 

CM 

ro 

ro 

_i  i 

<t  a  u  i 

© 

© 

1—0  3  1 

♦ 

♦ 

O  CC  1 

© 

in 

1-  CL  1 

1 

1 

o 

CM 

1 

1 

1 

o 

in 

UJ  3  1 

♦ 

♦ 

X  3  1 

© 

CM 

*-i  3  1 

r-4 

H  (Ji  1 

CK 

CM 

in 

in 

ro 

3 

* 

* 

♦ 

• 

♦ 

in 

in 

3 

O' 

CM 

ro 

ro 

ro 

<T 

CN 

O' 

IS 

3 

♦ 

♦ 

♦ 

* 

* 

in 

m 

Cu 

m 

ro 

ro 

cs 

M3 

O- 

ro 

© 

ro 

in 

IS 

r4 

»-i 

o 

<r 


ro 


«■ 

Os 


2464 


$<■ 


PRESSURE  HISTORY  -  RUN  14 


216 


H 

UJ 

_l 

h-  CM 

o 


OMV'OCO'rncN  O'  c-i  «c  «r  ro  ©  <r  o  in  ^  tot)'  °  !T'  ^  ~  P,  X  ^  ^  ^ 

O  O  O  H  ^4  C  i  rH  ■»— i  rH  r— 1  C‘4  ^  rH  ^  rH  r— t  CN  rH  rH  rH  C'<  O  O  CN  CN  O  ^4  fO  ^4  t4 

oooooooooccoooococooooooooooooooo 


CD 


<<tnoN<ro'Ci^cD'rnHtO''fOfflroffloniojD^OM» 

^^^H^,_4,M4^^^p^££{>s0*£2^fr-O'O'O'.“'©©*"**",O."*O'O©CMrOO© 


O  ©  CM  O'  m  »1  1*5  *0  CD  O 


o  c  c 


CM  i 


9  . 
9. 
9. 

o 

O  CN 

rH 

o 

CN  CN  O 

rH 

10. 

10. 

10. 

10. 

10. 

o 

r4 

CN  O 

rH 

o 

rH 

10, 

10, 

10, 

10, 

CN  CC  C 

ro 

CC  o 

47 

c  rv  m 

<r  o 

o-  ro  ro 

CO 

C-l  CN 

rv 

o~  c j 

O' 

o  ci  ro 

ro 

47 

Ul 

in  m  in 

>c  >0 

S3NC 

O' 

rv  o 

rv 

iv  rv 

CN 

C- 

*  ♦  ♦ 

•  ♦ 

•  ♦  ♦ 

♦ 

♦  • 

• 

• 

c-i  Cl  Cm 

r. 

C-i  C-i 

C-i 

C-i  Cl  C-l 

C-l  C-l 

CM  CM  CM 

C-l 

CM  CM 

CN 

CM  CM 

CN 

CN 

CN  C  l  CN 

C-i 

C-l  C  -l 

C-i 

cm  cm  cm 

C-l  C-l 

CM  CM  CM 

C-i 

C-l  C-l 

C-l 

CM  CM 

CN 

CN 

CC  C-l  fv 

ro 

ui  47 

CC 

co  r-i  -c 

47  <r 

O  C  V 

c 

in  c 

Ul 

iv  in 

IV 

X 

ui  n  rv 

o 

CD  C 

O 

O  *"4  rH 

C-l  T-i 

ro  ci  ro 

4? 

rH  <7 

4T 

m  «r 

ro 

rH 

»  * 

♦ 

♦  •  ♦ 

•  * 

♦  ♦  ♦ 

* 

♦  ♦ 

• 

• 

* 

«T  4?  C 

4f 

47  ui 

Ul 

Ul  Ul  Ul 

Ul  Ul 

in  in  in 

Ul 

in  in 

in 

no  in 

in 

in 

ro  rr;  m 

ro 

ro  M 

M 

ro  ro  ro 

ro  ro 

ro  ro  ro 

ro 

ro  ro 

ro 

ro  ro 

ro 

ro 

in  ui  ui 

47 

IV  (V 

O 

ro  *r  cm 

W  IV 

in  X  X 

ro 

rH  ro 

N 

O'  'O 

rv 

X 

rv  cn  c 

rH 

Cm  CM 

Ul 

U”3  ti~  'C 

<i  rv 

'C  'C  'C 

N 

iv  a: 

CO 

O'  O' 

rv 

O' 

♦ 

*  • 

» 

•  •  • 

•  * 

♦  •  ♦ 

* 

♦  * 

♦ 

ro  ro  47 

«r 

<r  c 

<r 

<r  4r  c 

<r  <r 

4T  4T  4T 

47 

47  47 

4T 

<r  43* 

<r 

<r 

c  <r  <r 

4? 

47  ^ 

4T 

4f  4T  4T 

4T  <T 

<r  4?  4? 

<3* 

*7  47 

4T 

«r  47 

«T 

O  D  N  M 


W 


CD 


CM 


L&J 

_l 

Z 


o  o 


c  c 


©©0'©©'OX(v 


o 

o 

rH 

Ci 

4T 

Ul 

rv 

Ul 

rv 

rv 

N 

IV 

o 

Ul 

03 

o 

c 

>0 

o 

o 

r“i 

<r 

CN 

ro 

o 

rH 

r-i 

• 

♦ 

• 

* 

* 

♦ 

♦ 

♦ 

o 

rH 

N 

rH 

ro 

<r 

Ul 

in 

CD 

CD 

CD 

CD 

in 

CD 

no 

IV 

Ul 

rv  ro 

o 

in 

ro 

r4 

Ul 

rv 

rH 

47 

• 

• 

r 

• 

♦ 

• 

• 

• 

o 

o 

rH 

ro 

tN 

^4 

ro 

«r 

>0 

CD 

CN 

CN 

CN 

CN 

o 

o 

>0 

<T 

4? 

o 

o 

CO 

ro 

CN 

CO 

V 

o 

rH 

• 

• 

• 

« 

♦ 

♦ 

♦ 

• 

o 

o 

4T 

o 

o 

CO 

o 

^4 

rv 

CN 

CN 

o  c 

iv  ro  .-i  O' 

rH 

rH 

0^ 

Ul 

V  IV 

rv 

m  in 

IV 

O'  O' 

IV 

rH 

rv 

rv 

o  ro  ui  ui  ui 

>0 

IV 

CD 

O' 

X  O' 

o 

rH  O 

rH 

0“  rH 

CN 

ro  r- 

o 

rH 

ffl  fO 

ro 

ro 

ro 

ro 

ro  ro 

<r 

rr  <T 

•c 

M  47 

4T 

Ul  Ul  Ul  U  J  Ul 

Ul 

Ul 

Ul 

m 

in  in 

Ul 

Ul  Ul 

Ul 

in  in 

Ul 

Ul  Ul 

Ul 

Ul 

Ul 

rv 

rH 

O' 

rH  rH 

in 

ro  rv 

rv 

n  in 

ro 

O'  in 

rH 

r*5 

ro 

jr** 

"0 

'O  rv 

N 

X  O' 

N 

rv  o 

CN 

O'  O' 

> 

o 

• 

♦ 

• 

* 

*  ♦ 

♦ 

♦  ♦ 

* 

♦  ♦ 

♦ 

*  • 

ci  r-i  ro  ro  ro 

ro 

ro 

ro 

ro 

ro  ro 

ro 

ro  ro 

m 

m 

1*5  1*5 

ro 

47 

-O  '0  «C  >0  ■>0 

V3 

Vj 

c 

>c 

>C 

>6 

>0  >0 

>c 

>0  'C 

SD 

>0  'O 

>0 

v3 

CN 

r4 

0- 

ro  *h 

rv 

ro  ^ 

IV 

rH 

rH 

m  0* 

r*5 

r*5 

iv  cn  c^j  <r 

Ul 

o 

rv 

CD 

CD  0s 

CN 

©  ^ 

o 

cm  r  j 

ro 

r-i  <7 

Ul 

C4 

• 

• 

♦ 

« 

♦  ♦ 

♦ 

♦  * 

♦ 

•  • 

♦ 

♦  ♦ 

• 

r-i  r-i  ro  ro  ro 

ro 

ro 

ro 

ro 

ro  ro 

ro 

<r  <r 

V*- 

<7  4 1 

47 

47  <r 

r 

47 

.  rv  iv  iv  rv  rv 

rv 

N 

rv 

IV 

IV  fV 

rv 

iv  rv 

N 

rv  rv 

IV 

rv  rv 

rv 

N 

i  rv  ro  ro  r4  ui 

CN 

ro 

rH 

ro 

r-4  rH 

rv 

m  no 

IV 

^4  ^ 

CN 

^  rH 

rH 

rH 

.  O'  r-i  o-  c  >o 

rv 

CN 

CN 

CN 

t-4  rH 

CN 

r-i  ro 

no 

ro  ui 

in 

m  o 

>0 

Ul 

•  0^  c  o  o  o 

o 

o 

o 

c 

rH  rH 

•r—i 

rH  rH 

rH 

rH  rH 

rH 

rH  rH 

H 

tH 

.  iV  X  X  X  X 

CD 

CO 

CD 

X 

X  X 

CD 

X  X 

X 

X  X 

03 

X  X 

CD 

CO 

niftmne<DONNVfJfN'C!»CJ<rT'C'OOriGO'OriOCM'«ISVfl 

2$®mo2mo"n'0?”n^k>onn«o:o;o;^wwwmm.h- 

~_!«T_!.J!»,.n.^'ni'!i'!fCmffiXC3XXXaKXXO'&'O'O'0'p'»O'^ 


cn 

u 

UJ 

05 


oco.4<rivrvxxo-0'©o-i'-'CM(Mroro*r*Tinin<i'Orvrvroxo>0'00<* 


Ul 

X. 


■ 


"X 


EIB.94  B1.43  74.27  63.75  54.15  44. B8 


217 


N  o  <r  rv  n  >o  h  ms  ooMCDin.-t<rr^inri>o  x  o«  mo  .h  n  m)  cm  -o  rv  O'  CO'O'O  ©iv^xcdc-jo-sox  x  st  fv  h  oo  i n 

rl  O  ^  O  r>l  rl  rt  rl  n  c  f  H  n  H  n  rl  «  H  H  n  «  rt  fu-l  M  O  H  ri  rH  H  H  rj  rt  H  H  fi  n  rt  H  H  rl  N  H  rl  n  rl 

oo©©o©c©©oo©oo©oooo©o©o©oo©ooooo©o©o©o©ooooooooooo 


ON^’rMMOErimcKU'lCrirtHS.NriWrUMflMDnnM'lOTrtrtO'flN'OliTOCONNT^mSHDH 
IS  (>■  H  O  O  ^  H  rj  H  r-l  r(  (S  rs  T  rl  rl  M  rt  H  «  rl  f  (  c  rl  r.  H  Si  n  f  |  f-J  n  r<  r(  H  rH  H  C'l  "  «  tt  «  rH  N  rt  H  CM  W 


oo-oooooooooooooooooocooooooooooococooooooooooooooo 


rj  (MS  K  ©  X  S3  O'  ©  <1  MNN 
M'NO'EMSNO'CSS-M)' 


cm  cm  cm  cm  cm  cm  cm  cm  cm  cm  cm  cm  cm 
c<  cm  cm  cm  cm  cm  cm  cm  cm  cm  cm  cm  cm 


in-o^noH  h  is  r-j  o  (s 
xxxxxo-xoxo'xx 


CM  CM  CM  CM  CM  CM  CM  MO  CM  CM  CM  CM 
CM  CM  CM  CM  CM  CM  CM  CM  CM  CM  CM  CM 


0'0'ivooM3<rxsT<r^'0 

(C  I  O'O'  »•  O  M  S  O  O'  IS 


CM  CM  CM  CM  CM  MT  CM  CM  CM  MO  CM  CM 
CM  CM  CM  CM  CM  CM  CM  CM  CM  CJ  CM  CM 


TO'OO'fN  -O  N  h  NO  W  0> 

S'CCISlEO'S'S'COrtOO 


CM  MO  CM  CM  CJ  CM  CM  CM  M3  M3  M3  M3  M3 
CM  CM  CM  CM  CM  CM  CM  CM  CM  CM  CM  CM  CM 


rv^CNMOX  CM  M3CS3X  ST  t-i 

st  -i  <r  cm  n  cj  i  i*  ii  <:•  <r  m- 


ST  ST  ST  ST  ST  ST  ST  ST  ST  ST  ST  ST  ST 

M3M3momom3m:mtmom3M3mom3mo 


st  cm  o  cs  >o  c  <f  si  ro  <r  m  > 
re  M3  mt  M3  M3  st  st  -o  st  <r  M3  cm 


ST  ST  ST  ST  ST  ST  ST  ST  ST  ST  ST  ST 

mtmomomomomomomomomomoms 


gg  c  cm  rv  pt  <r  rv  cc  o  cm  mo  cm 

«T  SO  ST  <r  ST  <T  ST  ■C  ST  ST  ST 


ST  ST  ST  ST  ST  ST  ST  ST  ST  ST  ST  ST 

mo  mo  mo  mo  M3  mo  mo  cs  n  r  k;  n 


o  n  h  n  o  n  cs  rr  cm  cm  in  M3  a) 
<r  ST  st  <r  <y  <r  <T  <T  ST  <T  ST  ST 


ST  ST  ST  ST  ST  ST  ST  ST  ST  ST  ST  ST  ST 
MOMOMOMOMOM3M3M3M3M3M3M3M3 


CM  O'  .1  X  ST  X  CM  ^  ©  ©  O'  X 
O'COO'O'O'CDD'O'O'O'O'O' 


<r  *r  <r  <r  <r  <r  <r  t-  «t.  <r  <r 

<r^t<r<r<T<r'r<r'r<r<r 


H  Cs  O  M  <MT  O  O  ST  M;  X 

©cx©©cooo0'xx 


st  st  «r  st  st  st  <c  <r  ^  <r  <r  <r 

<r<r<r<-<r<r<3-*r<r«r<r<r 


O  M3  rv  CM  ST  O'  O  M3  IV  ST  ST 
O'OO'OCCC^O'O'OOO'CD 


V  ST  T  ST  ST  ^  LT  T  T  'T  T  T 

<fT<r<r<r<r<r<r<»'<r'r<r 


WO'Tri'O'C  T  H  M3  CM  <T  O  N 
O'  O'  O'  O'  O'  O'  O'  O  ^3 


C  M  C  C  ^  T  T  M-  T  to  <r 

MM'rMMf'r'f'f'fM'rM 


IVSTM3O'~STO'rvM3O'M0t-i 

cm  O'  cm  cj  h  .i  c  cm  -s  cm  mo 


cT’f'ricM-'r'rc'r': 

ST  ST  ST  ST  ST  ST  ST  ST  ST  ST  ST  ST 


NfSSTNinO'IOO'tMSTHN 
h  W  CJ  ^  M  CO  CJ  M  R  CM  CM  M3 


^•M,<r<r<r<f'r<r<r<rM'<c 

ST  ST  ST  ST  ST  ST  ST  ST  ST  ST  ST  ST 


(SSTNHlO^fOTM^rtHriiH 

O  ST  M3  M3  CM  M3  M3  ^  M3  CM  1*3  CM 


<r<r<r<y<r<r<r<r<r<s-<r<T<r 

ST  ST  ST  ST  ST  ST  ST  ST  ST  ST  ST  ST  ST 


MOO'rvSTO'|VlVSTM3M3»-'*s 
C  j  t-i  CM  ~  CM  w  CM  CM  M3  CM  CM  M3 


ST  ST  ST  ST  ST  ST  ST  ST  ST  ST  ST  S3 


I^M3M'rvM'NO'M''rt'r-0'M3M3'rt^(3'NO'0'ST'rtO'M3P^M30'M3M3NSTT'M3rMSTSTO'M3LT^M30'STr'T^STM3M3M3'rM 
'O  CO  00  O'  O  00  O'  O'  O  O'  O'  O'  O  CO  .s  O'  ©  O'  CO  O'  CO  O'  O1  Cm  O-  rv  O'  O'  O'  O'  'O  CO  CO  CO  CO  O'  CO  rv  IV  O'  'O  'C  'O  'O  'C  M  M3  CN 


M3M3M3M3<rM3M3M3<TM3M3M3<rM3'<TM3<S-M3M3M3M3M3M3<S’M3M3M3M3M3M3M3M3M3M3M3M3M3M3M3M3M3M3M3M3M3M3M3M3M3 

'C'0'CO'0M3'C'C'C'C'0'C'C'0'C'CM3'CM3M3'C'0M3'C'CM3M3'0M3'C'0'0M3M3m3'C'CM3M3m3M3'C'C'C'C'0'0'C'0 


MO  O'  fv  Ml  N  h  M3  N  ^  M3  O'  ST 
ts  .-i  .-j  CM  MO  CM  CM  M3  M3  CM  M3 


«-'r<r<rcTfl-<r<rcTT 

fsrviv|vrv|vrvivivrvrvrv 


STM3M3M30'STr'0'M3STO'-rH 
M3  M3  M3  .-i  MO  M3  <T  .-i  CM  CM  CM  M3 


<r<rT<r<r'r<r<r'r<r<!-<f 

rvivivivrvivrvfvrvivivfv 


MNMwNHO'tTrtNOMT 

MrtriwOOMNE'C'CST'f 


<r<!W<r<r<rM3M3M3M3M0M3M3 

ivrvivivrvfviv;vrvrvrvr''iv 


M3wM!^i'M0'M3O'0'STSTO' 
M3  CM  n  0'S  M3  ST  M3  CM  OO'N 


M3  M3  M3  CM  CM  CM  CM  CM  CM  CM  *-t 

ivivivfvivivfvrvrvrvrsrs 


0'^0'0'ST'^^ST0'M3ST0'STM3M3M'rtM3STSTM3rHSTC'-^M30'r'UT0''rtM3M3'i-iSTTHM'STOT'TM^(N'rtSTM3M'0'*M 
CM  ■'T  MO  ST  ST  ST  ST  ST  M3  ST  <f  <3"  CM  M3  ©  CM  O  O'  tv  N  S3  sf  >-h  M3  .^  ©  O'  X  S3  ST  .-i  O  O'  IV  ST  CM  O  X  IV  ST  M3  r-i  X  "C  CM  O'  X 

* »  [■  ^  *— ■  |i  ^  ^  ^  ^  ^  ..  ^  ^  tm  tH  ^  O  O  O  O  O  O  O  O  O  O  O'  O'  O'  O'  O'  30  03  CO  CO  M  Cm  M  M  Ms  >j  '0  'O  '0  ST  ID 

wffixromxxraxmxaxfflmx»©xxxxxxxxmrviviv!vivivrvivivivivivivrvrvf'.rvivivivivrv 


coc.  'C<T00<r,r03'C'Ci33<r'0©,T©©c0C0a3©'r«r«r©a3<r'CC0CMa3«r'CO'0'0C3vcM03'TQ3orM'CCM<rc3'0 
00  Cx  M3  MO  ST  M3  CM  C  O'  X  'C  ST  ST  CM  O'  X  ST  M3  ©  O'  rv  «r  CM  O'  O'  <i  <T  CM  ©  X  «T  CM  O'  IV  ST  CM  O'  IV  <T  .s  X  'C  «r  .H  Cv  ST  CM  O'  -<3 

XXXXXXXXrvlV|vrv|vrvS3S3'0S3'0  ST  ST  ST  ST  <r<r«r<r<r<TM3M3M3  CM  CM  CM  CM-s.s.-i.hOOOOO'O'O'X© 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxrarvivrviviv 


.■sOOrvrvSTO'STrSrsO'MOIV 

XS3M30IVM3<rCMX'CM3©IV 


ST  ST  ST  <T  <t  <T  <T  «T  M3  MO  MO  M3  CM 
O'OO'O'O'O'O'O'O'OO'O'O' 


M3ST^mM30'ST0'M3w0'WW 

m3  CM  >  C  h  O  NCJ  rt  m  If  K 


CMCM^m^^m*m©0©0'0'0 

OO'OO'O'O'O'O'O'XXX 


STSTinM3STIVM30'lvrv0'0'M3 
(Hi*  CM  H  O  C  <M  N  <f  -H  E  Ii3  CM 


EEEEMMN'C'OM3L3i3L3 

xxxxxxxxxxxxx 


HMMNj3l«3MHNNrtN 

OSTM3X'0<r.-i|V«rrSO'bT 


ST  <T  <T  M3  M3  M3  M3  CM  CM  CM  *s  *s 

xxxxxxxxxxxx 


X  S3  (N  CM  CM  OBffl<rEOEM3 
CM  O  IV  MO  ©  X  CM  «  rv  M3  CM  IV  ST 


xrvivivrvs3S3'CSTSTST<r<r 

O'O'O'O'O'O'O'O'O'OO'O'O' 


<ys3X«rXOCOS0O«?,X 

•fO-CMHEITHMiTCN 


<T  ^  M3  M3  MO  CM  CM  CM  .h  r-i  *-*0 
O'  O'  O'  O'  O'  O'  O  O'  O'  O'  >  o 


'OOOM'O'OC'DOCC'OO 
■O  «  Cf  uT  <f  H  >0  n  O'  N  <f  CJ  ll3 


©oO'O'O'Oxrorvrvrvrv'C 

O'0'xxxxxxxxxxx 


■j'CmD<fCM<rJ3'0O'fO 

<r^,N<fMCNIi3H'OVM3J> 


S3  S3  ST  ST  ST  «T  -T  'T  M3  MO  M3  CM 
XXXXXXXXXXXX 


«•  O'  <T  ©  ST  ©  S3  O  ST 

CM  CM  M3  <r  <T  ST  S'  S3  S3 

CM  CN  CM  CM  CM  CM  C 1  CM  CJ 


OS3  0S)H'Oh'0 
rv  rv  x  x  cv  o  o  o 
CM  CM  CM  CJ  CM  CM  M3  M3 


H'OH'O'r.NCjr' 
HrtlN  NM)M 
M3  M3  M3  M3  M3  M3  MT  M3 


CM  N  CM  IV  CM  N  CM  X 

ST  ST  S3  S3  3'  IV  X  X 

M3  M3  M3  M3  i'3  M3  M3  M3 


M3XM3XM3XM3X 

3-  >  o  ©  h  h  rj  Ci 

nrts<f'f<r<ff 


no-co.'fO'O^ 
M3  I  <3  <r  <T  ST  ST  SO  S3  rv 
V‘T'T'T'T<T*T<f<T 


218 


CS 

1*3 

N  «T 

fH 

1*3 

rv 

tH 

1 

2 

W 

m  m3 

cm 

ro 

'O  cm 

LO 

O' 

HD 

O’ 

ro 

tH 

H 

CM  O' 

uo 

rv 

■o 

ro 

ID  O 

lo 

ro 

ID 

O' 

CM 

CM 

CO 

M3 

ro 

<r 

n  i*3 

ID 

5 

1 

04 

O 

H 

tH 

▼H  tH 

CM 

CM 

.  i 

,2 

CJ  rH 

cm 

CJ  T+ 

CJ 

CM 

,2 

.  1 

f* 

tH 

tH 

tH 

CM 

CM 

ro 

cj  tn 

CJ 

r-i 

C-i 

r-4 

tH  -rH 

.  1 

CJ 

tH 

Ci 

C-J 

ro 

tH 

tH 

C-J 

r-i  »-> 

CJ 

r-i  r-4 

C-J 

r-i  o 

0. 

0, 

0, 

0, 

0, 

0, 

0. 

o 

0, 

0, 

0. 

o  o 

0, 

o 

o  o 

0. 

0. 

0. 

O 

0. 

0. 

0. 

o  o 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

c 

0, 

0, 

0. 

0. 

0. 

0. 

0, 

0. 

0. 

o  o 

0. 

o  o 

'O 

CD 

H 

o 

N 

LD 

o 

N 

t  M3 

ro 

O' 

N 

CD 

O' 

C-J  CD 

ro 

C-i 

o 

CD 

IV 

O' 

o 

hd  c 

O'O'O 

C> 1 

r-i  r-4 

r-j 

O'  cs 

tH 

tH 

tH 

CD 

© 

o 

CO 

tH  CJ 

rs 

r  -4  O' 

M3 

r-4  CD 

tH 

tH 

tH  CJ 

r-4 

tH 

C> 1 

C-J 

r-4 

fH 

tH 

fH 

cj 

r  -4 

tH 

o 

tH 

tH 

tH 

ro 

fH 

tH  C-J 

C-J  fH  tH 

tH 

04  03 

1*0 

r-4  r-4 

C-i 

C-J 

C-J 

o 

C-J 

CM 

r  -4 

tH 

o  o 

C-J 

cm  o 

o 

© 

O 

o 

o 

C 

o 

o 

O 

o 

o 

o 

o 

c 

o 

o  c 

o 

o 

o 

o  o 

o 

o 

c  o 

coo 

o 

o  o 

o 

o  o 

o 

o 

o 

o 

o 

o 

o 

o  o 

o 

o  o 

O 

o  o 

tH 

H 

fH 

tH 

tH 

tH 

H 

tH 

fH 

H 

rH 

fH 

tH 

H 

tH  tH 

tH 

tH 

tH 

tH 

tH 

tH 

tH 

tH  tH 

tH  tH  tH 

tH 

tH  tH 

fH 

tH  tH 

tH 

tH 

tH 

tH 

tH 

tH 

tH 

tH  tH 

tH 

tH  tH 

tH 

tH  rH 

>0 

ro 

O  CD 

ro 

o- 

CD 

hd 

CD 

O' 

r-4 

CD 

ro 

ld 

CD 

hd  m 

cm  cj 

O' 

ro 

in  rv 

1*3 

CS  >0 

HD  N  O 

cj  ro  cs 

HD 

r  -4  id 

ro 

rv 

03 

cs 

o- 

in 

HD 

ID  O' 

in 

*T  £D 

rv 

ID  O' 

o 

tH 

o  o 

o 

o 

O 

o 

c 

tH 

C-J 

tH 

tH 

tH 

tH 

tH  tH 

tH 

tH 

tH 

CJ 

©  CM 

tH 

D'  tH 

tH  tH  CJ 

O  CJ  tH 

tH 

O’  O 

© 

*-* 

c 

© 

c 

tH 

O 

o  o 

o 

O'  o 

O' 

o  o 

ro 

ro 

ro  ro 

ro 

ro 

ro 

ro 

ro 

ro 

ro 

ro 

ro 

ro 

ro 

ro  ro 

ro 

ro 

ro 

ro 

ro  ro 

ro 

cj  ro 

ro  ro  ro 

ro  ro  ro 

ro 

ro  ro 

ro 

ro 

ro 

ro 

ro 

ro 

ro  r*3 

ro 

c  j  ro 

r4 

r*o  r*3 

C-J 

cj 

C-J  C-J 

cm 

r-4 

C-J 

C-J 

C-J  CJ 

C-i 

C-J  CJ  CJ 

C-J 

C-J  CJ 

CJ 

C-J 

CJ 

CJ 

CJ  CJ 

CJ 

r-4  r-4 

CJ  C-J  C-J 

C-J  CJ  CJ 

C-J 

CJ  CJ 

C-J 

CJ 

C-J 

C-J 

CJ 

CJ 

C-J 

r-j  r-4 

CJ 

C-J  C  J 

CJ 

CJ  CM 

o 

CM 

O  O’ 

CD 

Cs 

HD 

ro 

L0  1*3 

CD 

o 

tH 

CJ 

CJ 

IV 

hi 

rv 

CJ 

ro 

tH 

o 

O'  cs 

LD 

C-J 

ro 

cs 

C-J  c 

o 

C  CD 

O' 

HD 

rv 

tH 

tH 

03 

N 

co  ro 

o 

tH 

tH 

rv 

O  M3 

>0 

m 

LD  O' 

CJ 

<r 

11 

o- 

*3-  ID 

O' 

hi 

in 

hi 

ID 

in  o- 

O' 

hi 

O' 

HD 

ro  HD 

HD 

hi 

O' 

O' 

ID 

o 

O'  O' 

CJ  rn 

« 

o 

o 

o 

cs 

CS 

N 

CD  HD 

ID 

CM 

C-4 

tH  O 

no 

ld 

in  m 

m 

LD 

hi 

in 

L0  L0 

hi 

ID 

m 

hi 

in 

m  hi 

m 

in 

hi 

in 

hi 

lo 

L0 

LD 

LD 

LD 

LD  LD 

LD 

LD  LD 

M  1 

L0  ID 

ID 

LD 

LD 

LD 

O' 

O' 

O’ 

O'  O' 

O' 

O' 

O' 

O' 

O'  O' 

ro 

ro 

ro  ro 

ro 

ro 

f*3 

ro 

ro  ro 

ro 

ro 

r*3 

ro 

ro  ro  ro 

ro 

ro 

ro 

ro 

ro 

r*3 

ro 

ro 

ro 

ro 

ro 

ro 

ro 

ro  ro 

ro 

ro  ro 

ro 

ro 

ro 

ro 

ro 

ro 

ro 

ro  ro 

ro 

ro  ro 

ro 

ro  ro 

HD 

ID 

O' 

o 

CD 

cj  rs 

HD 

CM 

tH 

O' 

c 

CJ  N 

C-4  r*3  111 

IV 

O’ 

ID 

O’ 

< 

CS 

N 

tH  CO 

C-J 

ro  ro 

o 

ro 

ro 

N 

CO  O’ 

t— i 

CJ 

LD 

CS 

O’ 

HD 

rv 

CD 

CD 

O'  CD 

cs 

M3  0> 

Cs 

o 

cs  cs 

cs 

c 

cs 

CS 

cs 

CS 

cs 

Cs 

cs 

cs 

c 

O  O' 

CD 

CD 

fV 

rv 

CD 

HD 

LD 

ld  ro 

re 

CJ 

ro 

ro 

o 

c 

CD 

CD  O' 

LD 

O' 

CM 

o 

© 

CD 

HD 

hi 

O' 

C-4 

©  o 

0D 

id  «r 

O' 

ID 

O’ 

O' 

O’ 

LD 

O' 

O'. 

O' 

O' 

O' 

O' 

O' 

O' 

LD 

LD  O’ 

O' 

O' 

O' 

o 

O’ 

O’ 

O' 

O’  O’ 

O’ 

O’ 

O' 

O' 

O' 

O' 

ro 

ro  ro 

r*3 

ro 

ro 

ro 

CJ 

C-J 

C-4 

C-J 

C-J 

C-4  CM 

tH 

tH  tH 

O' 

O' 

O' 

O' 

O’ 

O' 

O' 

O' 

O' 

O' 

O’ 

O' 

O' 

O' 

O’ 

O’  O’ 

O’ 

O’ 

O’ 

O' 

O' 

O' 

O' 

O'  O' 

O’ 

O' 

O' 

O’ 

O' 

O' 

O' 

O’  O' 

O' 

O' 

O' 

o- 

o 

O' 

O' 

O' 

O' 

O’ 

O'  O’ 

O' 

O’  O' 

tH 

tH 

(V 

O' 

O' 

tH 

y-i 

CS 

ID 

tH 

rs 

LD 

tH 

tH 

N 

ro 

N 

m 

tH 

ro 

1*3 

tH 

tH 

ro 

cs 

tH 

tH 

is 

LD 

LD 

N 

ro 

tH 

0- 

O' 

L0 

rs 

O’ 

CJ 

ro 

X 

X 

IV 

O' 

c 

O 

O' 

r-4 

O' 

CJ 

ro 

tH 

O 

o 

o 

c 

Cs 

0- 

cs 

CD 

fs 

rv 

HD 

LD 

LD 

CJ 

M 

tH 

© 

o 

© 

HD 

LD 

O' 

ro 

0* 

rs 

is 

L0 

LD 

CJ 

ro 

c 

L0 

LD 

ro 

cs 

N 

O' 

ro 

tH 

X 

HD 

LD 

tH 

© 

© 

O' 

O' 

O’ 

O’ 

O’ 

O' 

O' 

ro 

ro 

r*3 

ro 

ro 

ro 

ro 

ro 

1*3 

r*3 

r*3 

1*3 

ro 

CM 

C-J 

CJ 

CJ 

CJ 

C-J 

tH 

y-i 

tH 

tH 

,_4 

tH 

rH 

tH 

c 

o 

q 

Q 

> 

CS 

0v 

cs 

CS 

© 

© 

X 

X 

X 

IV 

LD 

LD 

LD 

LD 

LD 

LD 

LD 

LD 

LD 

LD 

LD 

LD 

LD 

LD 

LD 

LD 

LD 

L"3 

143 

LO 

L0 

LD 

LD 

LD 

LD 

LD 

L0 

LD 

LD 

L0 

LO 

LD 

LD 

LD 

LO 

LO 

LD 

LD 

LD 

O' 

O' 

O’ 

O' 

O' 

O' 

O’ 

O’ 

O' 

O’ 

O’ 

tH 

tH 

CS 

tH 

CS 

ro 

ro 

ID 

14*3 

ro 

cs 

CS 

ro 

IS 

ro 

N 

1*3 

IV 

CS 

0- 

tH 

L0 

rs 

ro 

CS 

ro 

tH 

ro 

rs 

LO 

LD 

LD 

ro 

ro 

tH 

tH 

ro 

cs 

cs 

O' 

LD 

tH 

ro 

LD 

ro 

ro 

cs 

f*3 

O' 

tH 

o 

03 

>0 

o 

ro 

CJ 

CJ 

tH 

CD 

© 

IS 

LD 

LD 

ro 

tH 

o 

'O 

LD 

O' 

tH 

CD 

© 

HD 

w 

o 

D' 

S3 

rs 

CJ 

O 

HD 

HD 

O' 

tH 

IS 

LO 

CJ 

X 

rv 

O' 

tH 

cs 

HD 

CJ 

O' 

O' 

O' 

CM 

ro 

ro 

CJ 

CJ 

C-J 

CJ 

r-4 

CM 

C-J 

CJ 

tH 

tH 

tH 

tH 

tH 

tH 

tH 

tH 

c 

O 

o 

c 

Cs 

O' 

cs 

cs 

O' 

X 

X 

X 

X 

X 

rv 

rv 

rv 

IS 

HD 

-*0 

HD 

L  • 

LD 

w  J 

LD 

O' 

O' 

O’ 

ro 

ro 

r-3 

ro 

HD 

M3 

M3 

M3 

M3 

'C 

HD 

>0 

HD 

M3 

HD 

HD 

HD 

HD 

HD 

HD 

HD 

M3 

*0 

M3 

HD 

S3 

LD 

LD 

LD 

uo 

LD 

LD 

LD 

LD 

LD 

LD 

LD 

LD 

L0 

LD 

LD 

LD 

LD 

LD 

LD 

hi 

in 

LD 

L0 

LO 

L0 

LO 

LO 

L0 

rv 

tH 

ID 

ID 

tH 

ID 

ro 

tH 

re 

LD 

ro 

LO 

rs 

1*3 

1*3 

ro 

tH 

1*3 

CS 

rH 

L0 

IS 

CS 

r*3 

LD 

1*3 

L0 

rs 

i> 

LD 

rs 

IS 

rv 

ro 

LO 

IS 

tH 

ro 

rs 

tH 

1*3 

L0 

LD 

1*3 

ro 

-rH 

rv 

L0 

rs 

1*1 

LD 

O’ 

tH 

CS 

HD 

CJ 

CJ 

© 

rs 

LD 

ro 

tH 

CS 

IS 

LD 

r-4 

O' 

>c 

LD 

tH 

© 

L0 

CJ 

CS 

HD 

O’ 

tH 

CS 

IS 

ro 

O 

rv 

O’ 

o 

rs 

uD 

CJ 

X 

HD 

C-J 

0* 

O' 

r*3 

o 

S3 

ro 

tH 

HD 

1*3 

tH 

tH 

tH 

tH 

o 

O 

c 

Q 

c 

o 

CS 

cs 

CS 

CO 

CO 

CD 

CD 

(V 

IS 

IS 

IV 

HD 

HD 

HD 

L0 

wD 

L0 

LD 

O' 

O’ 

O' 

O' 

ro 

ro 

ro 

CJ 

CJ 

CM 

tH 

tH 

tH 

c 

© 

© 

0- 

Cs 

cs 

X 

© 

N 

rv 

rv 

IV 

rs 

rs 

rv 

fs 

rs 

HD 

HD 

HD 

HD 

HD 

SD 

HD 

M3 

■O 

>c 

HD 

M3 

HD 

>0 

HD 

S3 

S3 

S3 

HD 

HD 

HD 

HD 

S3 

HD 

HD 

HD 

HD 

HD 

HD 

h: 

HD 

S3 

HD 

HD 

S3 

S3 

LD 

L0 

LD 

LO 

L0 

ro 

cs 

ro 

rs 

in 

tH 

rs 

ro 

LD 

tH 

O' 

tH 

O' 

LD 

IV 

ro 

tH 

LD 

IS 

rs 

LD 

IS 

ro 

LO 

tH 

tH 

ro 

tH 

tH 

tH 

L0 

rs 

rv 

LD 

tH 

ro 

LD 

> 

ro 

tH 

CS 

tH 

IS 

O' 

O' 

L0 

LD 

LO 

140 

L0 

LD 

CJ 

O' 

-*0 

ro 

CJ 

rs 

HD 

ro 

.-v 

IS 

LD 

CM 

O 

rv 

LD 

tH 

CS 

HD 

o 

© 

HD 

ro 

Cs 

IS 

ro 

cs 

rs 

ro 

tH 

X 

O' 

c 

cs 

ro 

O' 

HD 

1*3 

o 

X 

O’ 

tH 

X 

1*3 

tH 

CS 

o- 

CS 

© 

O’ 

LD 

LD 

O’ 

O’ 

O' 

O' 

ro 

ro 

ro 

ro 

CJ 

CJ 

CJ 

CJ 

tH 

tH 

tH 

O 

yv 

o 

O' 

CS 

cs 

© 

•X 

X 

rs 

rv 

IS 

rs 

HD 

c 

HD 

LD 

LD 

O' 

O’ 

O' 

O' 

ro 

ro 

ro 

CJ 

CJ 

CJ 

tH 

tH 

o 

o 

O 

rv 

rv 

Cv 

rv 

rs 

IV 

rs 

(V 

rs 

rs 

rv 

rs 

rs 

r» 

rs 

IS 

is 

rs 

IS 

rv 

S3 

S3 

HD 

HD 

••c 

HD 

HD 

HD 

HD 

HD 

■0 

HD 

HD 

*0 

S3 

S3 

HD 

M3 

■0 

S3 

HD 

M3 

S3 

S3 

S3 

S3 

S3 

S3 

S3 

M3 

CJ 

CD 

O' 

CO 

CJ 

HD 

HD 

r-4 

o 

© 

CJ 

HD 

CM 

CJ 

ro 

O' 

HD 

CD 

>c 

O' 

HD 

O 

CD 

© 

CM 

O’ 

CJ 

>0 

o 

O' 

CJ 

O 

O' 

o 

S3 

X 

O 

'C 

HD 

o 

X 

X 

© 

HD 

m 

CJ 

O 

© 

S3 

O' 

O 

rv 

O' 

tH 

rs 

O’ 

CM 

CD 

O' 

CJ 

cs 

HD 

ro 

o 

N 

ro 

O 

*0 

ro 

O 

ro 

CS 

HD 

tH 

c 

CJ 

!>* 

IS 

O' 

o 

rv 

CJ 

° 

LD 

o 

X 

O' 

tH 

X 

O’ 

o 

rs 

CJ 

© 

IV 

ro 

o 

CO 

rs 

rs 

rs 

HD 

HD 

LD 

LD 

LD 

O’ 

O' 

O' 

O’ 

ro 

ro 

ro 

CJ 

CJ 

r-4 

tH 

tH 

© 

© 

c 

o 

cs 

X 

X 

X 

X 

rv 

rv 

(S 

HD 

Vj 

LD 

LD 

LD 

O' 

O' 

O' 

ro 

ro 

ro 

CM 

r-i 

CM 

!v 

rv 

rs 

rs 

rv 

rs 

rs 

rs 

rv 

rs 

is 

N 

N 

IS 

rs 

rv 

rs 

rs 

rs 

is 

rs 

rs 

IS 

IS 

IS 

is 

rs 

HD 

HD 

HD 

HD 

HD 

HD 

HD 

HD 

-43 

HD 

HD 

HD 

HD 

S3 

HD 

HD 

S3 

HD 

HD 

SJ 

S3 

S3 

S3 

ro 

LD 

in 

ro 

cs 

rs 

rs 

rs 

is 

ro 

tH 

tH 

O' 

rs 

ro 

tH 

tH 

L0 

ro 

LD 

O' 

ro 

tH 

LO 

tH 

rv 

L0 

ro 

rv 

tH 

1*3 

LD 

ro 

Cs 

IS 

ro 

ro 

tH 

LD 

LD 

tH 

L0 

LD 

tH 

1*3 

1*3 

L0 

O' 

tH 

03 

ID 

rs 

O' 

© 

rs 

O’ 

tH 

rs 

O’ 

tH 

CD 

14*3 

tH 

IS 

O' 

Cs 

LD 

tH 

CO 

O’ 

tH 

© 

ro 

o 

HD 

O’ 

o 

rs 

O' 

X 

LD 

CS 

CJ 

© 

rv 

CJ 

© 

LD 

CM 

HD 

ro 

0- 

© 

O' 

© 

o* 

o 

o 

o 

cs 

o 

CD 

CD 

CD 

0D 

rs 

rs 

rv 

HD 

HD 

HD 

LD 

LD 

O’ 

O’ 

O’ 

1*3 

ro 

ro 

CJ 

CJ 

CJ 

tH 

tH 

tH 

© 

o 

CS 

0- 

X 

X 

X 

rv 

rv 

IV 

S3 

HD 

L0 

LD 

O’ 

O' 

O’ 

ro 

ro 

CD 

CO 

03 

© 

rv 

rs 

rs 

rv 

rs 

rs 

rs 

IS 

rs 

IS 

rv 

rs 

N 

rv 

fs 

IS 

rs 

IV 

N 

is 

rs 

N 

IS 

rs 

IS 

IS 

IS 

rs 

HD 

HD 

HD 

hD 

HD 

HD 

HD 

HD 

HD 

HD 

M3 

S3 

S3 

S3 

M3 

HD 

M) 

S3 

CD 

CD 

o 

H) 

CJ 

CJ 

o 

CO 

CD 

0D 

HD 

HD 

c 

CM 

© 

T4 

o 

O' 

O' 

© 

S3 

© 

S3 

o 

HD 

O’ 

X 

CJ 

X 

HD 

rj 

X 

O’ 

O 

© 

O' 

m 

CJ 

S3 

r-4 

X 

X 

HD 

© 

CM 

X 

o 

© 

O’ 

O’ 

CJ 

CS 

HD 

tH 

CO 

ID 

CJ 

HD 

ro 

tH 

rs 

LD 

ro 

cc 

LD 

tH 

HD 

ro 

O' 

S3 

tH 

CS 

LD 

IS 

ro 

c 

rs 

ro 

CS 

X 

ro 

O 

HD 

CJ 

© 

ro 

CS 

rv 

O' 

O 

LD 

tH 

O' 

O’ 

o 

rv 

ro 

o 

CJ 

CJ 

o 

o 

o 

CS 

cs 

CS 

00 

X 

CD 

rs 

IS 

rs 

S3 

HD 

uD 

LD 

LD 

O' 

O' 

O' 

ro 

ro 

ro 

CJ 

CJ 

tH 

tH 

tH 

tH 

O 

o 

O' 

O' 

© 

© 

m 

rv 

IS 

rs 

M3 

HD 

HD 

LO 

LD 

LD 

CD 

© 

CD 

CD 

0D 

m 

CD 

m 

is 

rs 

rv 

IS 

IV 

rs 

rs 

rv 

rs 

is 

IS 

IS 

rs 

rs 

rv 

rs 

IV 

rs 

rs 

rs 

rs 

IS 

rv 

IS 

rv 

rv 

IS 

rs 

S3 

M3 

M3 

HD 

S3 

S3 

S3 

S3 

M3 

HD 

S3 

S3 

HD 

S3 

CS 

LD 

o 

LD 

O  UD 

o 

LD 

o 

LD 

O  HD 

tH 

S3 

tH 

HD  ^H 

HD 

th  HD 

CM 

IV  CM 

IS 

cj  rv 

CM 

rv  cm 

X 

ro  x 

ro 

x  ro 

X 

ro 

X 

ro 

X 

O' 

CS 

O'  o 

O' 

CS  O' 

CS 

O’  o* 

rv 

X 

cs 

CS 

o  o 

CJ 

CJ 

ro  ro 

O’ 

o* 

LO 

LD  HD 

HD 

IV  Is 

© 

©  CS 

> 

o  o 

tH 

tH  CJ 

CJ 

ro  ro 

O' 

«r  LO 

LD 

HD 

HD 

rv 

IS 

X 

X 

o  CS 

o 

O  tH 

H 

CM  CM 

O' 

O' 

O' 

O' 

LO  L0 

LD 

L0 

LD 

LD 

L0  LO 

LO 

LO 

L'* 

LO  L0 

LD 

LO  LO 

LD 

L0  LO 

in 

S3  S3 

S3 

S3  S3 

HD 

s3  S3 

HD 

S3  S3 

>0 

HD 

HD 

HD 

HD 

HD 

>0 

M3  M3 

rv 

iv  rv 

rv 

IV  IV 

.  1 


219 


inin0'«roinr'N!-tm'0ffiii,5~<CM'0cri’r 
r-j  r-i  ti  r«  r-i  r-i  ro  r-i  **  o  r-i  «*  r-i  cm  re  r-i  re 
•  •  •  •  •  ♦ 
oooooocoooooooooo 


NONMO^NMMIfl'CBMNO'N 

r-i  r-i  r-i  cm  o  cm  r-4  cm  «h  *-t  ^  o  r-i  r-i  r-i 

«  t  •  ♦  ♦ 

ooo  ooo  cooooo  ooo  o 


-0  CD  CDror^  Is'N’-<NO'MriiCD'CMCDV 

w  H  ri  n  O  rt  H  H  H  fi  M  ri  r-i  ri  H  H 
«  • 

ooooooooooocooooo 


!^^^"nUnr-i^rt»HtsO'OCO>CMrirs>0'C'0'r'r«'rrjt«>o^o(>occccuTiiTro-<rr;|-<rn«T«M'rWHrt^ 

COOOCOOCOOOO'O'D'O'O'O'O'O'O'O'D'O'O-O'O'O'O'O'O'CCO'CCCCCDODCDCDCDCDCDCCCDCOCDCOCGCDCO 

HHHrtrlHHrl  r-i  r-i  r-i 


in 

o 

• 

CD 


>ei>0'GM<rui^inin^rvirv.*cD'C<rcsNC^^ajrcmr-ir<j<c*-^«rcE<-iC«ro:om^cM,j2®'2'<r®95$I^fvm 

S^^unw^craDvrer-iN'C-cr'Mer-i.MNare-cfMrerM^Nunre^crcorM^CwM.M.re-co^'e^rHCrco 

i§§?§?fifiS5fifiRSSSSfi^fiSSSSSSSS?.55S5RRRRBSSS8SSSSSSSS 


r«»-Mi'E'CiC'Oi,;oii,i»' 
■oMcoifiririMor-iO'C 
♦  ♦»•♦♦♦♦*♦♦♦ 
n  rv  n  -c  -c  -o  >o  un  in  un  un  *r 


•rKwsKii'i’r'Cm^'OEO 
^-O'OriOEKO'NBWON 
*  •  •  •  •  *  «  •  •  *  *  •  ♦ 
IfreiN^r-if-iriTirlririC 


on  c  *r  cc  <r  c  rv  <?■  O'  c  un  r-i  im 
CM  r-i  CD-CreCCC*3’reCr'r'CD*r 

CC0'0'M>EEmNNNN 

'r*rrererererererer:r:rere 


*T  CD  N  li~  r-  CD  N  f  Ifi  M  *1  o 

w'cy‘iii,iC5''C'vrioO'0 

*«♦♦♦♦♦♦♦•♦• 

N  -0  -C  -C  MD  00  U1  01  on  on  on  *T 

M  K  K  T;  !•;  1C  f'i  1*5  M  K  N 


csrvTHNror^T-irop^rMfrirv 

r-i  on  cm  n  -c  r-i  w  g  *r  re  n  r-i 
*♦♦♦♦♦♦*♦♦•♦ 
icririnrHrtrtCCOD'O' 

in  on  un  un  l"3  un  un  un  un  un  <r  -c 


f'i^CO'^ONN'CN'OM^- 

wcDWONr^^r^NMo 

Q‘'ODcoccr*vfs*,,C'C>C'cmmm 

^^<rv>TV'f'rfc,T<r<r 


r-i  T-:  r<5  re  0-  *0  <  in  C-J  O  H  c  c 

CTr-is-T^ocrciCHicre 
•  •♦♦♦♦♦♦♦*♦** 

n  <r  <r  w  k  r.  re  r-i  r-i  r-i  r  i  r-i  r-i 

e-f‘T,r'r^,f*re,'f'r<r,f 


ye  I,'  "O  n  g  *r  *o  o  n  c  o  (> 
o-  a  r  -i  >-i  d-  g  ye  *r  <-i  o-  n  » 
«  ♦♦♦♦*♦♦*♦•• 
COOOOO'O'OOGGffl 

<r->rM'*rrererererererere 


r-ireuno-reNrere 
r^u'r*eo*'Cr*5wN 
*  ♦  •  •  • 

CO  N  C  'C  if)  UD 

in  Li~  on  un  un  in  iii  in 


n  un  in  in  in  un  o-  in 

re  g  n  «  0--C  o-  -o  re 

. . 

ie  <r  e  c  re  re  r-i  r-i  r-i 

iii  in  in  in  in  un  in  in  in 


rvo-rereo-O'r'Me 

OO-COMO-Cr-iOC*? 

•r-i^-fr-fCOOChD^ 

in  in  in  in  in  in  <r  <r 


o  rr.  m  cc  ro  n  cm 

»-i  CO  hi  O  -O  in  *-*  CD 

♦  ♦#♦♦♦♦♦ 

«r<?<r<r<r<r<r<T 


<r  <r  thmcodocdcn^ 
<T  in  O  <J  C  i  O  CD  <T  ^ 
♦  ♦♦•*♦*♦* 
>0  '•c  ,,c  in  in  in  ^  ^ 


<T  11  O  **  O  <T  ** 
ri  N  'O  M  O  0*  'C  ^ 
♦  •  •  • 
<r  re  re  r*e  re  r-i  ru  cm 
<r*r*T*r<r<r<r^- 


is.rx<-iD'r*5ii"2iie  o-o-o 

cinm-i-or-iomo-io 

OOOOCCCONO'O-C 

-c  on  un  un  un  on  un  in  in  on 


o  un  re  o  o  re  un  on  re  re 
e-co-yeNriO-creG 
*•*•*••••• 
-o  -o  ye  iii  c  t  f  re  re  n 
in  in  in  in  in  in  in  in  in  m 


HO-O'iertnNteMI 
-c  o  o  -o  re  cc  *r  r-i  -c  o 

m  m  m  in  m  un  in  un  <r  e 


c  o  r-i  *r  o  r-i  r-j  c  g  o 

rers'Tr-iNOr-iixo'C 

O'  G  G  G  N  fSN-C'-C'O 

<rrr*r<r*r*3'<r*r*r*3- 


re  re  r-t  re  on  co  in  o  *o  in 
«oomo'C*rr'iors 

-o  -c  on  in  un  <r  *r  <r  *r  re 
<j-T<re'r,re',f*rff 


o  <f  >c  g  g  r  r-i  n  w  -o 

-oreG'ro-O'rGyeH 

-hOCCO-OCGG 

-o  -o  *c  m  Le  be  un  un 


G'O'COO'O'C'C'O'C 

0-  r  o  g  •*  r  n  O"0  r-i 

o  r.  o  -o  -o  oe  un  *r  *r  <r 

ue  ue  un  un  on  on  on  on  on  on 


o  r-i  co  *r  r-i  <r  c  r-i  g  ro 

ao  *3-  o  mo  <r  co  un  r-i  cc  in 

r*o  re  r*e  r-i  r-i  h  h  r<  o  o 

on  on  on  on  on  on  on  on  on  on 


<r  c  <r  r  -i  a  -c  *r  on  -o  n 
o-  do  on  r-i  r-  un  r-i  o-  r-  r-i 
•  ♦♦♦♦♦»•♦♦ 
O'O'O'O'GGGNNN 

e,'r<r*r<r3e,f'r3 


reH<roon'Oreniein 
co  on  ro  r-  mo  mo  re  r-i  CD  *f 

«  » 

mo  -0  mo  m:  on  on  on  on  <r  <r 

3<r<r,r<f<f3,T3'3 


onrHr^roono'O'rMwr^rso^ 

r*i  od  ^  c  ui  ro  go  Cej  cc  w 
«♦*♦♦♦♦♦♦♦♦♦ 
reririrnnCOMO-GG 

-c  ^  mo  'C  -c  •o  -o  -o  on  on  on  on 


reif5'*reHNrtMeieii50'N 
reO'rowMoreO'rorM'CreiM-on 
♦  *♦♦♦♦•♦♦♦♦♦♦ 
co  n  in  is  mo  -o  on  on  <r  <r  t  re  re 
on  on  on  on  on  on  on  on  on  on  on  on  on 


r'-r-ttsr-ir-iroO'rsO'rsO'iM. 
0'3rnrriD'0  0'r33 
*  * 

r-i  ro  r-i  ro  r-  r-i  ^  o  a-  cs  >  cr 
on  on  on  on  un  on  on  on  *r  *r  <r  *r 


or*eN  r-i  r5<ro0''0  ro -oo-o 

0-  on  ro  co  mo  re  o  n  on  r-i  CD  N  re 
•  •  •♦♦♦♦♦••*•* 
Doaocor'r'rMNMO'OMOunonon 
<T'T*r*r'3--CMr'r*r*T'3-*r*r 


MO'OCDOMOMOOMoaoo 

on  r-i  rv  <r  co  mo  r-i  co  re  ru 

<r  *r  re  re  n  N  r-i  n  h  h 
'O'O'C'O'O'C'O'O'O'O 


ri'OrJGOGG'T'OG 
rvr-iO'C'CDreO'Or'iDO 
♦  ••••*•••* 
OOO'O'GGGNN'C 

mo  mo  on  on  on  on  on  on  on  on 


coMoao<roO'0*rr-i*T 

-■rO'CreO'inr-iN-3-o 

MO'Conon<r'r<Trerere 

on  on  on  on  on  on  on  on  on  on 


<r  e  o  e  n  -r  a  r  o  e 
MoreO'creoMoriCMo 
•  •*♦♦**♦*■* 
r-i  «  r  -i  h  h  r-«  o  o  o  cr¬ 
on  on  on  on  on  on  on  on  on  <r 


<r  g  n  -o  r-i  g  <f  !>•  n  » 
*roiM.*rr-jcD'CreO'0 
♦  ♦  «♦♦♦•♦•• 
o-o-CDaDooi^r'-rMN'O 
■T<r<j-*r*j-*r*3-*r*r*r 


*•••••♦• 

3  o  on  o  on  o  ire  o 
re  *r  <■  on  on  <  <  r» 

is.rMrMrMiNiM-rMr' 


•  «  •  •  •♦♦♦• 
on  o  on  o  on  o  o  -o  rM 

NCOmCr-O-Orn-iru 

rsCMr-iM-rMCDcooDOO 


C4  ro  ro  c-  in  ui  >o 

CDCOCDCJCJ3GOCCC3 


f\  n  rs  rs  n  rj 
Of\iXCDCDO'CNC 
CO  CO  CO  CG  OD  Cu  Cu  *> 


•  « 

rsc-ioereoDrecDreoD 
o  -*  h  (i  r-i  re  re  *r  <r 

CrD'O'O'O'O'O'CrO- 


roaDrooorocoroch 
\n  in  so  >c  n  n  cd  co 
0s  o  o  o  o  ^  cs 


. 


. 


. 


-■  .  ,*.T;  :  ii 


313*37  34.20  30.60 


220 


in  in  co  in  r  mm-oino^  -o  m3  <r  ’roo'OO'Owcr-j.i  oor.do 
cm  c\  —  r-i  r-i  —  ci  —  *->  n  n  r-i  *-«  r-i  ri  ri  »*  rv  r-i  r-i  ri  r-.  r-i  -<  —  r-j 

COCOC  OCC  ©  C  Q  OCOOGO  o  c  c  coo  ooo 


M3  r  O  O 
H  H  ^  H 


o  o  o  o 


'rHr,MEO'rif4irjH^N(M<)co>>MnKNk'<rE'rMncoeD 
0'ODCD'Cs3'0'OrNrv«r<ioii~(>'r*30'0<3-irirorsr.  tO'iriTf4no> 

in  in  in  in  in  r-.  in  in  in  in  <>  >o  in  <r  in  r  in  in  in  in  «r  «r  no  ri  r-i  r-i  ri  cm  m  — 


T-irs<roocou_!crsinrvor-JMr-4<rcDO'rsin«roo'C-OrHoorsO' 

<Ti<:rsH[>-M:'0<rC"CMCii'<riCHr-j'0>0i,!^rHC4N,CrtH(D'O 

NNNN'C'O'C'O'Cn'rnH^HrtfjriHOO'CCN-cinininiiTr^ 


o  r-i  cc  o  Is*  cm  <r  m3  oc  m  in  ro  <r  o*  co  r-i  cm  r-i  c  in  no  — i  -c  <r  *->  co  in  «r  ri  o 

in  «r  .i  c  co  <•  m3  ~c  <r  <r  o-  in  cm  m  m3  in  cn  cn  <r  —  m  cd  o  n  r-i  in  «r  ro  *+ 

*  ♦  ♦  •  ♦  ♦♦♦  »  ♦  ♦  ♦♦♦♦♦♦♦•♦*♦♦  ♦♦♦♦ 

mmtnin!n,T,r«r'rm.-<ccrNl'Nr*rNiN'on'Tf,;^'0-0'03cor'r'-rNN 

r-i  r-i  r-i  r-i  r-i  r-i  r-i  r-i  n  n  n  h  h  h  h  h  n  h 


i*ci5r-Mr'in!M,)vr-.-rH'Co-o<rfiwnH^'Cc;v>>NN 
r<i  r-i  ^  m*  ii'<  m  w  h  n  >o  -c  o-  o  <r  c  o  c  ir  o  -c  k  cc  <r  ti-  -o  n  k 
♦  ♦♦♦  ♦♦♦♦ 
CCCO'CNO'OnO'CO  in  C-i— iOr-iCCO'fN'CrrO.-iOO'O'COCOOOGO 

m  1*3  no  r-i  r-i  r.  ri  r-j  r-i  r-i  r-i  r-i  c-i  r<  r-s  r j  h  n  ti  n  n  h  h 
—  cd  in  cn  <r  cn  no  r-i  in  c  £N  in  m  in  co  co  m  in  <■  c  cn  m  m3  c  <r  <r  .h  co 

t<!i3'M'w^oa'<r<r^«^ccroi,!0-rfl>Cr.C'CO'0rtMnri 

VKBm‘innrinOB»nKrtHO(SMI!»NnOOO»M)' 

k  re  ic-  r;  K  w  k  k  k  k  r-i  n  r-i  r-i  r-i  r-i  ri  —  —>  —*  — *  —  —•  — >  —■  *-> 

o-  rf  c  e  cd  0--C  r-i  <r  o  <r  c-i  c  o  o-  Ci  <r  ^  o  r;  r;  I  Ci  n  -c  o  Mf)  ^ 

(N  Mi'  K  O  0"0  lii  O  C  ri  111  C-  a  E  O  rt  cc  c  »  Mil  K  ii*  o  n  r-i  o  N 

in  in  in  in  in  <  *o  c  c  r-i  cd  s2  lc  *r  m  m  r-i  c  cn  in  ii~  m  r-i  ri  -•-•  o 

rc  c  c  c  w  Ci  c  c  c  c  c-i  c-i  r-j  ri  r-i  ri  r-i  r>  h  h  n  n  H  ih  ri  ri  h  h  h 


hi 

ro 

o 

o 

ro 

O' 

UD 

L*. 

r 

CD 

rH 

<r 

CD 

L*- 

o 

o 

IN 

o 

<T 

o 

in 

O- 

in 

ro 

m 

c 

Ci 

cc 

'O 

<r 

IN 

Cn 

i fi 

<r 

r>» 

•c 

L“3 

c 

'C 

C-i 

-rH 

Cm 

CD 

o 

r-i 

U3 

O 

ri 

hi 

o 

>c 

O' 

o 

o 

a 

<^N 

o 

Cu 

U 1 

o 

o 

rs 

i\ 

>c 

LD 

<T 

ri 

r— i 

O' 

N 

in 

«T 

■»? 

ro 

r-i 

ri 

ri 

ri 

<? 

<r 

*T 

<r 

o 

<T 

m 

CD 

r 

C'i 

c« 

a 

r-i 

Cm 

ri 

r-i 

ri 

rH 

rH 

rH 

r— i 

rH 

rH 

rH 

rH 

rH 

Ci 

o 

o 

<T 

CD 

o 

r— 1 

IN 

in 

IN 

rr 

iH 

N 

r 

Ci 

m 

«T 

>0 

r-i 

M 

>c 

hi 

o 

<T 

CO 

in 

in 

0- 

N 

rH 

O' 

>C 

CN 

O' 

r 

<1 

T— ! 

'C 

nC 

•c 

w 

Cm 

LD 

M3 

o 

r 

<r 

'O 

Ci 

in 

ro 

'O 

ro 

ro 

r-i 

r-! 

r-i 

cj 

■ 

ri 

-r-i 

O' 

LI 

cs 

CC 

Pn 

o 

LD 

<T 

r 

rH 

O' 

CD 

L3 

O' 

m 

m 

ri 

ri 

<r 

<r 

<r 

<r 

O' 

<T 

<3* 

n 

M 

M 

CM 

r-i 

C'i 

CM 

C-J 

ri 

CJ 

rH 

rH 

rH 

rH 

rH 

rH 

tH 

rH 

rH 

rH 

'O 

|fl 

>c 

m 

CC 

N 

N 

O 

r-4 

CD 

L  *3 

CD 

<r 

>0 

CN 

O' 

c 

>C 

CN 

o 

o 

ro 

rH 

U3 

M3 

03 

<5 

ro 

rv 

>0 

ro 

r-i 

r: 

<r 

LI 

o 

r 

-C 

>0 

cc 

<r 

>0 

c 

r 

ro 

>0 

o 

tn 

CJ 

o 

•>0 

rc 

ro 

C'i 

Cm' 

o 

'O 

ri 

o 

CD 

Ps 

>0 

LD 

m 

O' 

CC 

>c 

LD 

O' 

<r 

ro 

ro 

ri 

ri 

<r 

<r 

o' 

<T 

*T 

■T 

r 

r 

r 

r-j 

C-4 

r>i 

C-J 

w 

ri 

ri 

rH 

r-H 

rH 

rH 

r-H 

rH 

rH 

rH 

rH 

rH 

r-i 

in 

r\ 

uc 

CD 

ri 

ri 

ri 

C4 

o 

rs 

C 

>0 

▼H 

-c 

cc 

C-J 

M3 

rH 

o 

tH 

rH 

M3 

N 

MD 

n0 

O' 

ri 

oc 

L  i 

n 

CS 

o 

C'i 

i> 

o 

N 

U1 

o 

>c 

> 

o 

tH 

o 

r-. 

c 

N 

O' 

C 

ro 

OD 

O' 

|\ 

Ci 

c 

♦ 

in 

<r 

c 

<T 

ro 

ro 

ro 

rr 

C4 

^■4 

>0 

t-5 

O' 

CD 

rs 

<1 

<5 

c 

r 

t-4 

O 

rs 

M3 

UD 

<T 

ro 

M 

ro 

ro 

ri 

<T 

<r 

o* 

o- 

<T 

*? 

r 

M 

Ci 

C-4 

^  -j 

Cm 

Ci 

C-J 

c^ 

Ci 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

ri 

rp 

o 

N 

n 

>0 

Ci 

o 

-r-i 

o 

o 

nD 

CO 

<1 

in 

N 

Cn 

CJ 

M3 

N 

0* 

M3 

IN 

00 

O' 

<r 

ro 

N 

fjl 

in 

Iff 

O 

uo 

rv 

<T 

>c 

T 

<T 

<r 

ro 

C>J 

o 

N 

L! 

• 

CM 

C'i 

rH 

c 

o 

rH 

CN 

c 

CD 

> 

>0 

5.9 

r 

c 

'O 

♦ 

CJ 

N 

* 

o 

o 

• 

CN 

7.5 

ro 

>0 

hi 

in 

5.0 

LI 

<r 

o 

• 

<T 

♦ 

ro 

ro 

ro 

<T 

<r 

<r 

<T 

<T 

C 

<r 

<? 

m 

r 

r 

r 

CN 

Cm 

C4 

r-i 

ri 

CJ 

ri 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

<T>-<rO'<i-CNinoinin'HiNrNr-'-rNrNrNrv 

CNtsoo-iHricnNajcMii^MCO- 

tMNOOOOOOOOHCC^Illtl-C-C 


ININNNNTNNrNrNNINN 

nwMCtNbTHNMCMiTH 

rN03CD0'CNO^-<riCMfnir 

-i  *4  ^  ri  ri  ri  ri  cm  cm  ri 


PRODUCTION  HISTORY  -  RUN  28 


221 


Cj  t-  Cl  1 

o 

r*3 

O 

X  _J 

O  CL  2  h  1 

♦ 

♦ 

♦ 

Zt  w 

CL  lx!  LU  O  1 

o 

rs 

CO 

O  O 

ClIlUh  | 

1 

1 

I 

H 

tH 

ft 

1 

1 

1 

UJ  1 

<r 

3:  uj 

cj  cl  _j  i 

H 

3  1- 

O  O  O  1 

o 

o 

c 

u  <r 

CL  Q_  3> 

♦ 

♦ 

♦ 

3 

CL  i 

1 

1 

■ 

o 

© 

o 

C; 

1 

1 

1 

1 

M 

<T 

x  m 

Ll!  U1  1 

is 

■w” 

— i  — i 

”3  CL  3  1 

o 

rt 

CM 

CJ  3 

2  Q  O  1 

• 

♦ 

♦ 

Ll 

i-t  Cl  ©  1 

1 

1 

| 

© 

© 

O 

1 

1 

1 

X  C  1 

o 

c 

3  3  O  CJ  1 

♦ 

♦ 

♦ 

CJ  i-i  CL  CJ  i 

© 

1*3 

^0 

O  Cl  1 

r*3 

<r 

1 

1 

1 

rl 

tH 

1 

1 

CL  1 

© 

© 

o 

xuiaci  i 

♦ 

♦ 

3  1-001 

o 

o 

tH 

cj  <r  cc  i 

tH 

3  Cl  1 

1 

1 

1 

I 

1 

1 

o  i 

© 

o 

o 

X  M  Cl  1 

♦ 

* 

♦ 

3  3  O  CJ  1 

© 

1*3 

CJ  3  CL  O  1 

1*3 

in 

Ll  Cl  1 

1 

1 

t 

rl 

tH 

1 

1 

1 

Ll!  1 

© 

© 

o 

CL  3  Ci  1 

* 

♦ 

♦ 

CJ  t-i  O  O  1 

© 

1*3 

ro 

2  O  CL  CJ  1 

1*3 

tH 

>-t  LL  1 

1 

1 

| 

tH 

1 

1 

1 

U  CL  1 

CL  U1  Cl  1 

© 

o 

o 

CJ  H-  O  CJ  1 

♦ 

♦ 

♦ 

2  <T  CL  CJ  1 

■w* 

© 

tH 

h  3  Cl  1 

1 

1 

1 

tH 

1 

1 

3  1 

cacj  i 

© 

© 

o 

1-001 

* 

* 

• 

O  CL  1 

© 

<r 

1-  CL  1 

m 

CM 

1 

1 

tH 

1 

1 

1 

in 

W 

lu  c n  i 

♦ 

* 

♦ 

X  O  1 

© 

00 

>0 

w  LU  1 

cs 

o 

1-  CO  1 

U0 

>0 

O' 

CJ 

<T 

'O 

S3 

• 

♦ 

♦ 

♦ 

♦ 

♦ 

© 

CJ 

*r 

in 

'O 

IS 

CJ 

CJ 

CJ 

CJ 

CJ 

CJ 

r*3 

O' 

O' 

O' 

H 

1*3 

<r 

S3 

© 

<r 

O' 

r*3 

© 

o 

tH 

tH 

tH 

CJ 

♦ 

♦ 

♦ 

♦ 

♦ 

♦ 

o 

o 

o 

© 

o 

© 

© 

03 

tH 

1*3 

S3 

o 

in 

O' 

in 

O 

m 

tH 

CJ 

CJ 

r*3 

<r 

<r 

in 

♦ 

♦ 

♦ 

♦ 

♦ 

♦ 

o 

© 

© 

© 

© 

© 

o 

1*3 

f*3 

CO 

-0 

CO 

♦ 

♦ 

• 

♦ 

♦ 

O' 

S3 

>0 

in 

*r 

CJ 

m 

is 

CO 

O' 

© 

tH 

H 

rl 

tH 

rS 

CJ 

CJ 

in 

n 

1*3 

CO 

CO 

CD 

♦ 

♦ 

♦ 

♦ 

♦ 

♦ 

r*3 

1*3 

«T 

<r 

S3 

O' 

1*3 

W 

00 

tH 

<r 

is 

tH 

tH 

r*l 

in 

S3 

S3 

S3 

<r 

S3 

♦ 

♦ 

♦ 

♦ 

♦ 

♦ 

CJ 

O' 

o 

© 

tH 

CJ 

O' 

CJ 

is 

tH 

in 

O' 

tH 

CJ 

CJ 

C3 

r*3 

1*3 

© 

rn 

© 

in 

at 

CJ 

• 

♦ 

♦ 

♦ 

♦ 

♦ 

r*3 

IS 

o 

Ch> 

at 

03 

H 

tH 

tH 

Ll 

at 

© 

in 

© 

© 

♦ 

♦ 

♦ 

♦ 

♦ 

♦ 

CJ 

O' 

tH 

CJ 

1*3 

CJ 

^4 

1*3 

r*o 

f*3 

r*3 

W 

H 

>*S 

a> 

CJ 

♦ 

* 

♦ 

♦ 

♦ 

♦ 

m 

IS 

H 

o 

© 

r*3 

r*3 

<r 

<T 

<r 

<r 

f<3 

IS 

rs 

IS 

* 

* 

• 

• 

♦ 

♦ 

S3 

1*3 

IS 

IS 

tH 

S3 

S3 

1*3 

H 

O' 

CD 

'C 

CO 

© 

H 

CJ 

^4 

1*3 

tH 

in 

tH 

IS 

H 

IS 

S3 

S3 

r*3 

H 

IS 

1*3 

♦ 

♦ 

♦ 

♦ 

♦ 

♦ 

CO 

O' 

o 

tH 

CJ 

CJ 

r*3 

CJ 

CJ 

1*3 

r*3 

1*3 

1*3 

1*3 

CO 

S3 

tH 

IS 

S3 

© 

CJ 

IS 

CJ 

IS 

T-l 

S3 

CJ 

IS 

CJ 

r*3 

f*3 

<T 

*r 

in 

in 

♦ 

♦ 

♦ 

♦ 

* 

♦ 

♦ 

© 

o 

© 

© 

© 

o 

© 

in 

CJ 

S3 

tH 

IS 

IS 

in 

S3 

CJ 

IS 

1*3 

00 

*T 

o 

in 

S3 

S3 

IS 

IS 

03 

O' 

♦ 

♦ 

♦ 

• 

♦ 

♦ 

♦ 

© 

© 

O 

© 

o 

O 

o 

O' 

CJ 

<r 

<r 

in 

tH 

rs 

♦ 

♦ 

♦ 

♦ 

♦ 

♦ 

• 

CO 

in 

rs 

CJ 

S3 

CM 

CJ 

1*3 

*r 

*T 

fi 

in 

CM 

CJ 

CJ 

CJ 

CJ 

CJ 

CJ 

CJ 

O' 

m 

in 

© 

in 

in 

♦ 

♦ 

♦ 

♦ 

♦ 

♦ 

♦ 

<r 

o 

in 

tH 

O' 

© 

o 

tH 

in 

CO 

cj 

in 

o 

<r 

CM 

CJ 

CJ 

r*3 

1*3 

tH 

rS 

O' 

O' 

in 

S3 

CJ 

♦ 

♦ 

T 

• 

♦ 

♦ 

♦ 

m 

O' 

© 

CJ 

S3 

CJ 

IS 

r*3 

is 

CJ 

S3 

/S 

in 

<r 

<- 

in 

m 

S3 

S3 

-o 

tH 

1*3 

CJ 

© 

tH 

S3 

S3 

• 

♦ 

♦ 

♦ 

♦ 

♦ 

CO 

IS 

IS 

S3 

S3 

<T 

<r 

IS 

S3 

S-* 

It 

in 

O 

♦ 

♦ 

♦ 

♦ 

♦ 

♦ 

♦ 

<T 

S3 

<r 

S3 

IS 

tH 

© 

r*3 

f*3 

CO 

1*3 

1*3 

*T 

<T 

W 

/*S 

CO 

'O 

tH 

S3 

♦ 

* 

♦ 

♦ 

♦ 

♦ 

• 

CJ 

H 

CJ 

'G 

<r 

<r 

<T 

<r 

<r 

<T 

<T 

<r 

O' 

0- 

CJ 

rs 

<T 

♦ 

♦ 

* 

• 

L 

♦ 

• 

is 

in 

1*3 

O' 

S3 

IS 

m 

in 

<T 

r<3 

CJ 

1*3 

1*3 

O' 

F<3 

LO 

IS 

O' 

tH 

tH 

CJ 

CJ 

CJ 

CJ 

CJ 

1*3 

PRESSURE  HISTORY  -  RUN  28 


222 


LvJ 


Z> 

o 


CM 


HWN>^»CDOO^inHNO'0(M)>ooocoa>ttin«inNn<onn 

ocoocoooooooococooooooooooooooooo 


0"OON'CririW'Cl'! 

o  r  o-  o-  n  -o  K  c  o  c< 

o  c  c  h  f  i  r  <r  <r  in  b'  ui  l~.  \i 


in  K;  N 

CM 

«T  CM 

-c 

in 

© 

rv  <r 

©  <  m 

O' 

M  M 

O  O' 

CO 

in 

in  •'O 

N 

©  © 

o 

cc 

o 

&■ 

c  o 

O  O  r* 

c 

rt  H 

H 

H 

♦  ♦  * 

m  m  m 

1*5 

•  ♦ 

in  in 

♦ 

in 

in 

♦ 

in 

• 

LI 

♦  • 

>0  'O 

♦  •  • 

>0  >0  'O 

♦ 

*0 

6. 

A. 

♦ 

<1 

•  ♦ 

>0  >0 

>0 

>0 

EVinriOCe^JITiKCO'OOHlsNO^^CO^NOwMNCO^CO 

C'CO''CG'C»-'.MC3rf!rs'CC’-i,r'CijTNCOOOO'COi-'’^r-.  >-<r.  r.  r. 

oo-M«rCt;oo4--p3NWf;Nf;f3c;Kwr2!2222222222 

oivSivBfSS^no^Nennn^NScSiSNMRM?^,^ 


© 


oSg25S2S3$S2S2S!2SSSS?SS®gS^So^.o 

S  $  8  88c5c5£&&t$££&&k&“«w“ 

«■!  m>  ■*•  ^-i  r.j  k*  0s  r-t  C  ii^  *C  C-i  P*  in  O'  fi  02  •*-'  f*0  'O  O'  04  C-*  C*  L t  "C  O  LO  *H 

c  lo  ^  c  <r  <r  ^  lo  r<  -c  rv  l~  cn  n  *-i  <r  a:  n  <r  -c-  n  n  o  c  o  ^  ^  ~  ® 

*  •,:*,;**  *  *  ^  *  *  -*  ^  M  K,  n  «r  «r  <r  4  <  4  4  in  in  m  li  in  in  in  in 

o  ^  c  in  c  *  <>  a  *  c  m  r.  ^gBWnwnBBWnnBBnBnnN 


®SSSBSSg5aJSSSRRSS?RSS2S?B«S^RSS 


o  ■»■■• 


m 


CSOL-!Ol|-)»HC0N-fl-00'<rC^NriTVNM^NC»'^WOOW0'^MN^ 

©©®"©8m”«cbw*n<t  o  <r  a  -  ro  -o  co  c  w  <r  uo  n  *  *  «  ®  *  m.  ® 

or^«ff’i3<:'CO^r;^ij<A^ECfficooooooo^>^ 


n 


0g2RSSs:g8S2g2  2SgS5SgSSSSSSSJ?iS?S8 
“^SRSSlsiBSBSiSSaSSSSSSSaSSSSSSaSiS 


CM 


o  o  2  3 S:  S S  ►  ”2  S5  2  2 !o  M  S S 5  ® «  5 3 ^  n  «Ss  5  ”S  s  in 


u 

2  ^ 


oSS?S  =  2Ra:;RS?;iSSSSgSSSg2SgS32SRS 

O^dw^ONU^Chrt^OCK^M^JO'ONNNttCDISNjOjOjOKJWWrij^jH 


0) 

u 

u 

© 


HJWNCMNriNrJNWNnajroarocoroogoj 

'ONNCDCCO'!>00»-»^r4r'JrON<f,T^^*0 


^HwCNCsiroro^^ 


in  in  o 


u 

c 

t-4 

l— 


. 


ir? 


223 


ooNCDEHNnr') 
f*  T“ <  T—'  CM  CM  *4  C'i 

•  *  ••••♦• 
oooooooo 


n  o  »  n  n  n  -o  m  n 

O  n  ri  M  rt  rl  rl  CM  T4 

ooooooooo 


n  rt  n  >0  n  >o  Mn 
cm  cm  *-*  ^  **  *-*  44  ▼-* 
•  •••«•»* 
oooooooo 


CD  >0  N  ^  W  o  H  n 

*■*«  »h  -*-♦  h  n  ^  ^ 

•  »  •  •  ♦  •  ♦  ♦ 

oooooooo 


<r  o  ri  oo  cm  o  in  -o 

rH  CM  CM  T-.  CM  CM  tH 

•  * 

oo  oooooo 


NroinifiocNin-oo 
tM  r-i  «-l  **  CM 
»•••••  ♦  ♦  * 
ooooooooo 


rori  o  ro  o  o  o  cd  n  c  j 
r-i  C-i  C‘i  r-«  H  n  H  H  H  fii 
•  •  ♦♦♦*♦♦♦• 
'0'0'0,0,0'0>0'^>C>^ 


ro  ch'Oor-i^CDinrtOj 
TH  c-i  C-i  C-i  C-i  C-i  T*  C-i  C-i  ^ 
•  ♦  •  •  •  •  ♦ 
'CM3'OM3'0'OM3M3'OM3 


(fi'inoxio-K'O'rn 

ri  cm  cm  cm  cm  cm  cm  r->  cm  cm 

M)M3'C'C'O'0'0M3M3M3 


'CrsCM«->ro<rcO'0»-i'0 

cm  c-c  cm  re  cm  re  cm  cm  ro  <1 

»  •  ***•♦ 
'O'O'C'O'O'O'C'C'O'O 


J.wMlfiNWOtD'O 
CM  C-i  CM  CM  to  CM  tO  to  (O  CM 

>0'0>0'0'0>0,,C>0'0>G 


S82?P8aSS5SSSBS?SSSRSSSSSSSSSg55S5SSSS?555?;???5S? 

22222252222225222252522252225222252222222325225222 


0^0  C^0CrH00T-,r-,0  C  ri  rl  H  n  H  n  v  T1*  rl  r  rn  rt  l  I  U  v«  V 

NOBistroeccajcccccccaffiOBeocofflajeBXttocoBOB 


C-i  C-i  c-i  C-i  C-i  C-i  C-i  C-i  C-i  C-i  C-i  C-i  C-i  C-i  C-i  C-i  C-i  C-4  k  *  C 


5aasaaasass8asssasssasss« «««««« 


z  £  R  R  %  £  a  a  "  $"  o  o  ®  2  S  ”  ®  «  J  2  ©  o  2  So  5  $  £  £  E  2  ^  *  ?  ©  n  ♦  ©  ®  R  *  S  5  "  3  8  § 

SSSS§2ggSS2  2!2^S§SS«?JSgNP52§5?«N52R?Si82^SSRoR5SS*«S3S 

^  *r  «?  c"  m  m  in  in  in  m  in  m  in  in  in  in  m  <3*  ^  ^  ^  *?  *?  ~  ~  ~ 

?nn""on"!rnoo"!n2S"Hfflno«»o"n>fio®25n5!nSn2Nn«Sr»!f»S!HNS$ 

SSRS§gSSSSSS?8S23S§SSSSSS58§SSSS2S5!2e5R2RS^gRSSS?S? 
S3  3333SSSfifeBSBfeKSSSSSS5S8SBBSSSaSS^^55^^^5!?5  5?5!?5f5?5?^ 

SRi^?SKSSSKS?S»®SS!o$i$^!s«S»N«S?feSS5  5«SN®RfMl5Nl5$“N”3 

!^55!S!8553333353S^SSCj«miSnloSnR5nSnngS^55®»»5$!?"???5” 

32S2S®So?SnSc325ffl«n2SSnSn®SJ«J?Sr;  *  «  ?  2  S  ®  S  «  a  -  n  ©  bh  «  ►  ?  ? 


♦  *♦•••* 

O'  O’  0-  <r  i>  O’  O' 
M3  N  N  CD  CD  O'  O' 

H  rt  Hrt  h  n 


•  ♦•*•♦* 

<r  o  n  o  iii  o  bi 

o  •*  «-•  cm  cm  ro  ro 

CM  CM  CM  CM  CM  CM  CM 


•  •••••* 

O  bl  O  bl  O  bl  ^ 
«•  «r  in  m  o  m:  rs 
CM  CM  CM  CM  CM  CM  CM 


•  ♦♦♦•♦♦• 
>0*-« 

NCDCOO'O'OO^ 

CN  CM  C-i  CM  CM  rO  ro  ro 


cm  n  n  n  cm  n 
h  n  w  n  n  t  -r 
ro  ro  to  ro  ro  ro  ro 


•  •••••• 

cm  rv  cm  co  to  co  ro 

If)  111  M3  M3  CM  IM  CD 
ro  ro  ro  ro  ro  ro  ro 


00  ro  CD  ro  CD  *T  D> 

DJ  O'  >  O  O  H  rl 

ro  ro  ro  <r  <r  <r  <r 


■ 


"N 


■ 


224 


<rrooO'foriinx 
cm  n  r-i  *4  r*  cm  >1  »h 
•  ♦**•••• 
o  ©  o  o  o  ooo 


r-t  CM  CM  4*  CM  4t  CM  .4  »* 
•  ••••»••• 
ooooooooo 


M  LI  O  1(1  h  O  C  l  'O 

ri  r*  ri  4«  cm  ri  ri  cm 
oooooooo 


ocO'COO'OONrM 
C-I  *4  *4  t4  «4  O  O  14 
««*•«••• 
oooooooo 


h  1(1  N  N  MS  N  K 

f(  n  H  H  c  H  rt  Ci 

oooooooo 


CM  CD  «H  tO  IN  111  IN  1(1  If? 
*-(  O  H  C'J  C'J  n  H  O') 

ooooooooo 


ocNCsmrom-o^r 

c-i  cm  ro  ro  r-j  n  cm  n 

•  ♦  •  •  • 

'O  *0  *C  'O  >0  >0  S3 


•4  X  bl  f  <T3-  C  (MB 

to  c-i  i«;  m  n  c-i  ^  n  h 

-O'O-O'O'C-O-O'O'O 


<rxx.4SjO'rbs3 

0^  in  li  <r  r-i  o-  cd  in 
•  ♦♦♦•• 
inminu3in<r«r<r 


m  -o  cd  c  ur  in  n  n 

fO  CM  CM  r-i  O  O'  O'  CD 

•  ♦  *  •  ♦  ♦  ♦  • 


NO  <T  m  N  ffi  f(  n 
fsNCO'ON'OUT'T 

»  • 

rotorotototoroto 


nr-iD'D-NHiofin 
iii'Ofi  iii  to  *r  r-i  cm  cm 

»  *  4  4  4  4  •  •  • 

totororororororoto 


Mr-i0'M'0'q-'<r'r'i’'C'<T'0inmL'iin'0THNcriMa:'CNN^M0DN'0N0'N^icDa3  03N'CCDr<ii>NO^'0Mor'r0 

inbi*rinbibibi<r<rr-i©xs:rocrNO-'4XbiT4X'eto-4iO'rNioro-4tooxxrNtN-<ro-*rb3»4toO'0*4D'OS3uiiN 

•  ••44  »44*44444444444444444444  ♦♦♦**♦  444444444  *  *  *  *  * 

foroi<;i<)roror<)f<inforofijr-jr,iC-jHHiHoooO'^chC>'CocDCCOcoocDNNNNrvr^rsNNN'ONN'C^>o>0'0 


Nfi’C'C^O'nNND'K'COOD'riinccrj  MiiN'rin'r'OrtfffiOrtf-ionrtfiD'vj'Ori'fCKjD'rtj'HCOf; 
i;--  m  O'  *o  <r  r  ;  o-  so  r-i  o  S3  to  c  S3  r-i  in  to  4*  n  c-i  o-  ss  r-<  O'  s:  to  r*  x  in  *o  <r  ri  *4  c  O'  O'  bi  <r  ri  ri  r-i  c  c  n  o>  x  *c  *r  tn 
;  .  . . . . . . 


*si-irtCCCo0'0'0'0'Cca3C0rvN'C'0'0ii!in<r<r<rr0r,3r;r*:cMCMCMCMCMCMCM»-!T-ir-i.H'-i'S,-i,-iT-< 
fKUiiCK'lNr«HHnrtnrtrtWr<nrtrtnHnrlrtHrtST-rirtrirtrtrlrtrinrtnHH»lrtH 


c  o  c  o  o 


00rj0'0'riif«3'0O0'CEi03  03  f'i»-i0'CviNinr0C0'00'O^-ui'0'0«T0'r0<rri0'0'j^Nbi'0n0'O^r0^CMmO'0MsB 

cxro©Xbicxrocs3roO'S3oiNr-iXLios3riO'bii4Xbi*-iO'X!N,TrjO'0'iNsib;roro«rr-ifNXiN-<r<rr-.r-i»4 

*  -*«A4444444 

-*0  bl  bl  bl  *f  O  O'  tO  fO  fO  C-I  Ci  *4  r-t  »4  C  ©  O'  O'  O'  X  X  tN  tN  tN  'O  --G  'O  bl  bl  bl 

ri  a  r-i  ri  cm  cm  cm  cm  o-i  r-i  r-i  c-i  ci  n  m  ri  n  h  n  ^  ^  h  h  h  r.  ri  n  n  r-  n  ^ 


biO’*r<r<T*r’r,T<r«rrorotorotOfotoro 


S3  r-i  n  a:  O'  oo  S3  s:  i-i  c  ui  <r  co  n  n  r-i  »s 

ri  x  <r  o  in  ri  x  bi  »-<  in  ri  O'  *»■  ©  *o  -n  in 

•  4  4  4  4  4  4  4  4  4  4  4  4  4  4  4  4 

O0'0'0'00C3NNN'0S3ii!L!ii!<r<3-m 

ro  ci  cm  cm  r-i  r-i  ri  r-i  r-i  r-*  cm  r-i  r-i  ci  r-i  ci  r-i 


S3  r-i  iiit  c  <r  n  o  s  r*  iii  si  n  n  <r 

sCCrDO'lilsMDO'CfDCCDlilC 

444444444444444 

nr-ir-(»-irs^iooocsO'0'XSX 

r-i  r-i  c-i  r-i  r-i  ri  n  n  n  ^  n  >h  ^  «  h 


crirtiiiMiM<)'CO<rn'OONri'Oins 

WOO'ii'lilM^CNCN'C'O^M^OCKCO 

•  «.  «  »44444»44444444 

aiXNNNNN'ON'O'O'C'C'C'O'OlilUl 

rlSSHSHSSrtnnrirlriHHHH 


O  tO  Tl  X  X  bl  bl  X  C-l  Cl  IN  S3  tN  S3  S3  N  bl  r* 

110'CH'0(DO-<rOii3HNnEf!N'TD' 

•  44444444444444444 

M  DO  r-j  r-i  »S  T-I  O  C  O  0-  O'  X  C  N  N  S3  S3  111 

w  w  w  m  m  to  w  fi  M  n  n  m  r-i  r-i  ri  r-i  r-i  r-i 


1*3  S3  tO  «T  O'  O  IN  S3  Ci  '-I  -C  IN  r-l  O' 
<r  d-  <r  o  ti  r-i  n  <r  s  n  <r  o-  »i 


in  S3  to  x 
<3-  ri  t-i  cs 


li  *r  <r  *r  to  to  ri  ri  r-i  »s  ,4 
r-i  r-i  r-i  r-i  r-i  r-i  r-i  r-i  r-i  c-i  ri 


C  O  C  O  O  O' 

r-i  r-i  r-i  r-i  r-i  *4 


in  r  -i  cm  s3  r-i  *-i  r-i  <r 

S3  111  111  O  >-i  O'  IN  <T 


<T  1*3  31  X  S3  O 

S3  *r  r-i  r^  O'  x 


•  •449  4  4  *  4  4  4  »  »  - 

O'O'O-O'O'Xxxxxxxrsrs 

t— i  t—»  t-4  *—i  — ^  T—i  rH  r-i  -r-i  *H  H  H 


r-irsr*3s300'XX4-<rr*30'r,30'Xr'iiii 

x  r-i  x  r-i  O'  *r  O'  ui  c  iii  o  iii  -r*  -o  4S  n  -r* 

♦  ♦♦•444444*4444  44 

N  N  -C  <0  ill  111  <f  <r  f  .*3  fi  fl  r-l  4i  h  o  o 
torororoforoforototorofororotoroto 


O'  4-t  r-i  r*3  m  *r  n  in  r-i  m  <r  r-i  c  4  o  <r 

'C  r-i  n  r-i  n  r-i  x  4*  o  <i  r-i  O'  so  n  4^  x 

•  4444444444444*4 

0'0'XXNNS3'0s3  3iiii*r<r«r'Tr<3 

r-i  r-i  r-i  r-i  c-i  r-i  r-i  cm  r-i  r*  ri  r-i  r-i  r-i  r-i  r-i 


r*3  *r  -^h  *r  S3  S3  m  n  iii  ui  n  S3  <r  r-i  O'  o  <r 

mi  r-i  4  N>o  m  r-i  c  x  n  <r  <r  n  4  «  o 

♦  4  ••4444*44  •  * 

to  to  to  to  r-i  ri  n  n  r-i  4  4  4  4  4  4  4  c 

ri  r-i  r*  r,  r-i  ri  r-i  r-i  r-i  r-i  r-i  ci  ri  n  c-i  n  ri 


•  44444*4*44* 

O'XXININ'O'C'CblblO'fO 

tororororotototororotoro 


«  n  c-i  r-i  4  4  o  c  3 

rinrinfiriKwri 


O'XXNN'C'C-Oiil 

cm  r-i  r-i  c-i  a  c-i  c-i  ri  r-i 


bi  bi  bl  li  <r  *r  <r  <r  to  to  to  to  to  to  r-i  r-i  r-i  ri  n  c-t 
r-i  r-i  r-i  r-i  r-i  r-i  r-i  r-i  r-i  r-i  ri  r-i  r-i  r-i  r-i  c-i  ri  ri  ri  ri 


rinxc43'C'T4iro4 
0'*r0'*r0',TOiii0'*S'0'*r 
******♦♦♦♦♦• 
OOO'O'XXXrx'O'Glilli! 
<r<ri<iMf!r.  wiifimwin 


|*3X0'Xt*3*TI*31*3Oliir-lXX 

O*r0'«r0'i*30'l*30'r30'M0' 

♦  *****4*444*4 

iii  *r  n  ri  r-i  r-i  »4  rs  o  c  0-  0-  x 
to  to  to  to  to  to  to  to  to  to  ri  r-i  ri 


3iNN*ro>4<r«TOO'r-is3 

iii4fsmcO'iiio*'iMiiim 

********♦*•♦ 

XXNNNS3'OS3S3UliilUl 

r-i  r-i  r-i  r-i  n  ri  r-i  r-i  r-i  r-i  n  n 


r-i  x  1*3  r-i  r-i  n  *r  x  sd  o  ri  O'  o 

4XS3ii!f‘3©0'0'S3ii!t*3  00' 

bi-'r,3'0‘«i’*rfororof0rotocb 

r-i  r-i  n  r-i  r-i  r-i  r-i  ri  r-i  ri  ri  ri  ri 


*rs3NXiiiuiNri4XNX*r4n*rO' 

4'C4iilOU10S30*rO'*rO'^-0'C*iN 

ri4-™oo0'0'XXNS3'0uiLi«r<rt*3 

o-<r<r<r«Tfororororororotorotororo 


r*3CXL'is3inO'r*3or*3XorjO'i*3N 

r^4'C4'04Ni*3E<T4NM4a 

**44***444*4  ♦  ♦  ♦  * 

f*3r-ir-i'*'4COO'0'XXXrsNNS3 

to  to  to  to  to  to  to  cm  ri  ri  cm  ri  r-i  ri  n  n 


O'  111  to  O'  to  O'  N  O'  N  S3  1*3  r-l  <T  O'  <4  rS  ill 
«1»40'-OChOEMOIOhM3M' 
•  ♦  »  •  •  «  ♦♦  •  •  • 

S3  S3  S)  ii"1  U1  ill  LI  lil  *r  *r  to  to  to  to 

cm  n  ri  n  r-i  r-i  ri  ri  ri  ri  ri  n  n  n  cm  ri  ri 


D'X4i4t04S3Xin0'4X0'4NOX 

o-xo-xtoxriNri'ori'CO'OCLix 

•  *4***4*41-*4  *  ♦  *  *  * 

<rrororiri-4i4000'0'XXNNS3Li 

*r<T«r*r<r-c4T-<r*rrofororoforor3ro 


tONOrStOLlOrOXX-rSLliS'CNO' 

roxtoO'toNrorvrixs34iN«rO'X 

*.*••****•••••*• 

Li<3-s-rororiri440©oO'0'XX 

to  to  to  to  to  to  to  to  to  to  to  to  r-i  ri  n  ri 


O  X  N  ill  ro  S3  O  -r*  S3  O  ill  ill  ill  »1  N  X  *T 
'Cr'i4X'Orotoos3'0*r'40'Xs3*rri 

X  X  X  N  IN  N  N  rv  S3  S3  Si  S3  in  ill  bl  in  bl 

ri  ri  n  n  ri  n  ri  n  n  n  n  n  n  r-i  ri  ri  n 


<r0'<TD'<r0'O-o 
n  ri  to  to  <T  «r  bl  S3 


blOUlOblOblO'C 

'OfNINXXO'O'OO 

<r«TC<T«r<roblbi 


4l)4'04'O4'O 
^T4CMrifoto-<r-<r 
bl  bl  bl  bl  bl  ill  bl  bl 


»4  'O  CM  IN  CM  N  ri  N 

bl  bl  S3  S3  N  tN  X  X 

bl  bl  bl  bl  bl  bl  bl  bl 


CMINCMOTtOXtOX 

o  o>  o  ©  4  4  ri  rs 

bl  bl  -0  S3  s3  S3  S3  S3 


10  a  in  a  m  m  in  O'* 

tofo*r*ryibis3s3rN 

S3s3'OS3'O'O'0S3'O 


225 


incoininco«rO'inao  — 
c  co  co  —  «  —  —  ci  —  — 

oooooooooo 


0.^tDH|fi9"CCMS 
—  —  —  —  OO 
•  ••••»•  •  ♦  ♦ 
ooooooo  ooo 


in  <i  in  r-j  rv  o  po  m 

C\| 

«•«  *♦•*••* 
oooooooooo 


i/i  ro  *i  n  —  iii  'O  ©  -c  Is 

T-  —  CO—  —  —  C  —  —  — 

•  •  «  »  •  •  •  •  •  • 

oooooooooo 


Ci<'0'’Tism'0mc  — 

. .  *  •  ♦ 

oooooooooo 


MOO'Oinntno-MN 

MHon-r<ccooE 

BttNrini'ii'iNi'in 

mOO'lil—  —  O'lSCDO 
rs  'C  rs  ■<r  n  <r  —  co  — 
«  •  ♦  ♦  ♦  *♦♦  •• 

>0>0'0'0'0'0'0'c'c'0 


w  n  0-  0-  co  -o  o  'CO'<r 
COO'O'CNO  is  o>  is 
•  •»•••• 
ro  r o  ci  co  co  cm  co  cm  co  co 

CMM!SO''CO'inO'CN 

r-i  o  o  is  0-  o:  cs  cd  is 
***•♦•♦  *  •  • 
'O'O'O'Oininminmin 


■u  m  o  h  r-j  h  n  io  >o  h 

'CC'C  Is  CD  IS  IS  -v  NO  SO 

•  •  •  ♦ 
co  co  co  ci  ro  C'i  c>  co  ro 

ao  v  is  —  in  o  in  —  li' 

<r  so  is  cd  in  m  iii  <■  <r  <r 

*♦♦♦••♦•♦♦ 
m  m  ui  in  in  in  in  in  in  in 


<  O  <  in  111  U-  IT.  1  111  <1 

CO  M  CO  CM  C'i  C'I  C'I  C'I  C'i  CO 

'OiiO'Hcin<r<r'Cnc 
rO  M  ro  CO  CO  K  ^  ri  n  n 

in  in  in  in  in  m  in  m  m  m 


coisrsin«rc>'isinrsrs 

♦  *•♦•••♦♦• 

CO  C  l  C'I  C  i  C'i  CO  CO  CO  CO  CO 

coiS'OCi-C'C<ro<C' 

OOOOO'O'O'C'CDCB 

in  in  in  ii~  «r  <r  <r  «t  * 


$iRSS2SS3JS!c5$SS55:2-2SSSS:RR$5!S5??««®««S2§o»eSsS§^^ 

©©C0'O©0'C'0'C'CN0'0'0'0'0'0'0'tN0'0Da!'0'CDC0a3CnC0CDCDa:CDCDCDa3C0C0C0C3CDa:rsC0fs|SIsrsrsr>'rs 

T-»  T-«  «H 

s  m  >  ffi  ^  ©  -  ro  o  o  <  w  -  £  «  -  ©  £  5  n  n  ro  -  c  5  m  S  o  is  3  n  n  m  3  S  w  To  2  ^  S.  ?  *  ®  *  *  K  ^  ^  i 

♦  •*•  ♦  ♦  *  *  *  *  *  *  *  *  *  *  ****_*_*.  _j__iC:C.COOOOOOCCOOOCOOO^^^'OsOs^ 

SSOiSSSSgSSISSgsasSSSBSSSSSSSSSSSSRgBSSSSSSSSSSSgSS 

222252“^"^^  •'**’”"'’22  322225222222222222222223333 


SSSJSSSg3S5Si!:S£SSSS3S85SS8SSSSSSEJSSS2S5SSSlSS335S» 

<S(0-O<ro>occ'viii<rr.c;rju;o;^ . ***^^^^^Je-«-roroMMroroini<;rororo 


rCisisiS'0'Cis<'C'C-c<i'C'CiniiOininin: 


O  CO  U-JCM*0<-IT!M<iC:2&:^20'«0^^^5i2^cS“c!S®MCO  CO -  o&;cdc.<iio  no  ^«r  CO  CO  -O^OO^CS 

<Cll^OONNCCIOKCOu;r;r;^(.n_^^  _ 

^22  —  —  —  —  —  —  —  —  —  —  —  —  ’■,T■i',■t'r■i,“i,“''"’"1,',’HT"'’’',''T"lT"l,""',-l 


00000'0-0^0y0"0^^0^0>'l>' 

r-J  n  CK-^  H  H  H  H  H  H  H  H 


ro^O'inis  —  ininococsrocr^oc^-iQ  —  ^Pi^r'Docrfs^otnin^rori-ooScDr^ininrorofo-rooococDCQ 
NliO'TC'IOO'C'CCO'O^fOiHCrriNsN'v  •  •  . 


^^^rtrHO^OOOOOC 

CO  CO  CO  CO  CO  CO  CO  CO  CO  CO  CO  CO  c 


rtfSrtrtHrHrlrtHrtririHrtHrlrtriHnHHrtri  — 


. gs3?S88883?R!fS8&5R!t8S888St8«3*RS888M«88?# 

N^COO^COII^CCOOO^^  ^ 

as  ass ««««««« ----------- 

olhONO«M0og:g«ino;3g5«S«on»«O0K5SNN««ogS;r0g25S^2§SoSN3fin 

HO>fflin«onHHO.Broinn«eo>MJKi . _.  J  ~  ^  *  oo  cb  cb  cd  cd  ob  oo  is  is  n  n  n 


O'  O.  O'  O'  X  CC  CO 


cJ^ci^  Ton  rociron?i°?o?o?o?o?oc°i^^ . 

«,o«»Sge»jo«»-2$S2K?SoS:§oi£!55!S®2§SSR5S5n«^oNis55«!S!n8 

--rvUTM«0(B>innnfM-0-CO>OUl  rr>^ . **n,-*ooocOOO!>'0'C>>(M)'IM>'CM>>0‘ 

S  'SH  i  i  *  CM  N  M  To  N  CO  To  ci  CO  N  CO  CO  M  CO  H  CO  CO  W  H  To  «  «  W  To  S  M  «  W  CO  CO  CO  CO  CO  - . 


O'  O'  'T  O'  **■  O' 
MD  03  o-.a-  o  o 
■oc  -O  O"0  M' 


♦  •  •  ♦  •  •  • 

in  ©  in  o  in  o  in 

-(  ci  co  i*3  ro  »  v 

rs  is  is  rs  is  rs  n 


oino-o  —  'O  — 
liO  liO  -C  *C  C  IS  CO 
s  rs  is  is  is  is 


#••••••• 

'0  —  -0  —  -OCOISCO 
COCrO'CO  —  —  CO 
isrsis  mcocccDcn 


. .  • 

\  Ci  IS  Ci  IS  CO  IS 

co  ro  m  «t  <r  OT  ui 

CO  CO  00  CD  Cl  OO  CD 


n  cd  n  od  ri  co  n 

O  'O  S  N  CO  CO  l> 

cc  oo  ao  co  oo  co  ao 


•  ♦♦•••• 

ao  <r  cn  <f  o>  «r  O' 
O'  o  o  -  -  ci  co 
ao  O'  >  >  O'  >  o- 


226 


moN«roccij‘)c»»-cECinrv 

oocoooooooooo 


o  «r  »-i  -c  in  cm  <  in  cl  *r  k*  Cm 

»  •  »  •  •  •  •  •  ♦  •  ♦♦ 
ooooooooooco 


inoofi't^MC'OWOfflin^ 

•rtr-J0r^^l-rtT-T-lr-!00*-l*1 

o  ooooocccc  oco 


cn  rv  co  h  n  >o  f  U-:  c 

i— 1  «“«  r-»  O 

ccooocoooooo 


0'n<ts!«'CoionvinoNj-|N'C'«0'0'0«'CO;^>2512^o®olN!«Sc5«”v5®riS^ww2S^o 

r;  re  k  n  r  r<  n  k  M  f  i  r<  w  ^  w  w  ^  ^  w  H  rf  ^  ^  1 1  . . 

r*  r:  fg  r*  r*  n  w  r*  r*.  n  r*  n  flrlciNNnNKKKnw^'^NN-^^H^H^d^HHHHHH 

IOnr<ain>>09'<lflVN»(80i<CPjOHNjCB>HN«nCM4>tOjj»NnOJlc;^2°so55f!rtN 

oBNNN'C'fl<'C-'0'«ntt,'0inil'in“!l'Rr'w”.r;.r;:.....  . . . . 

. •  *  *  *  *  *  *  _  _  _  «•  r  t<~-  r  n  r.  n  re  re  cm  cm  cm  cm  cm  cm  cm  cm  cm  cm  cm 

*©MMffl*©**^<N<*MN»ong£g:«k25&;eSS£82o”S®N5o^33nn£occSS!o 

rCr^fCrC^^^rCNNrCrCriisrCrCisrCiCrC>o<'0'C'C"0'0'0'C'0'C'OU-:iiTiiTU^^«T<<r’r«T^'T'J-''r'r««w 
t-  n  -r  -r  k  w  k  f'i  r,  h  ^  c  c  mmd  w  c  c  n  ^  n  ^  -v  v.  I.  ^  'r  ^  ^  .  ~ . .  •  -  •  • 


ii"5-<N»-i'rcNO-C!Dr,:or:fO'C«r»-'rvO-«r-^N^roK^^jp®j:^jgJj;^®^2oir^?:5^oo<^^«^ScD 
N  N  >C  "O  li"1  ^  ^  ^  ^  ^  ^  ^  ^  ^  C  ^  O'  Ch  u  CO  N  rv  ^  ^  *♦  ♦  ♦  •  ♦  ♦  ♦  ♦  ♦  ♦  ♦  ♦  ♦  ♦ 

•  *  •  *  *  *  *  *  *  *_•*  *  *  *  *oeeccoooccocooi>cho^acca2r>.NNNrxNf'.'C'C'0-c<!t-5ifi 


wM<o.o-pi«»-gnjo<<onN^nncj;NNjj5rowm«Ntt^pJN»05NONNPjg;2j-wp55®5g5 
rowf'iCOCO'uGNN  >o  >c  <r  c  <r  n  r-.  r.  r.  u  ^  . .  .  . . . 

lMnn»********t»****«*«*«£Aiiiloo°»»»»"*"*^**'0’C'0'0 


*  »  »  *♦•♦*♦  * . . 

ooo0'0^&-0'CcxcDrvr^NNr^N'0«0'0«0 

T“»  T-i  tH  ^ 


SS3S?5?SRa2  =  28SS8RS55EilSSSSRSS5SSSS5  2S5SSgSSSSS3ESa 
E2S^2222252225ii:i5S:55iS5j52222==SS2S2  —  »«"- 

525SSR&8SS§S8£SS38S?SE&S°2  5SSSSS2SRSE2853&S"5SS!jjSr! 

2i2222222S2222222222222222222:222a2SS=22S22>— 

!>855S8888S5Sfe?SS88S8SS28R!J3«SB8S888SStS8SS85S8S8R 

<NNNNN'0'0'0'C'C'C'C'C'0'C'0'0'0'0'Cli-!«liTli-3nii-!LTL-;<r^rr0MC|nCjj^-Hr-iOOOOCN0-0'CSI>«0Da3 

5SiS8SS£R^3nS?;fi?5R2258§K^S?5SSNS5SS52S^Sf;ifi?R“R!S$ 

*  * . 1111  1  1  ^  >0  «c^c  >C  i-m  y*3  !»■)  bl  b'  l»*)  <r  ^  M  ^  ^  ^  C  C  O  O  O  ^  CN  ^  0  CO  CO  03 


*'*a£S!;S3S5SSaS2SS2SSR5B?5SSS2?Sf5RS£:SSSSSSaS2S5?68 

5252225222222222  22222  22222  22  =  2  22222*** 


n  o  ui  o  n  o  if]  o  <>  h  ^ 

f^3  <5“  U“3  U“5  'O  'O  r^  CC»  CD 

O-O'O'O'CKO'C'-O'  >>i> 


^0--'0'-‘ls‘f'<is'CNirs 
ovO1  co-H^-fCMCMrere 
O'O'OOOOOCCO 
*-l  *-M  *-M  f*  rH  *M  r-t  rM 


cm  r-  cm  rv  cm 

7  f  ll"  ll'  -O 

o  o  c  o  o 


MOWN  «  NNNNNNNNNNNNNNNNNN 


-oMv<rO'Orico>r 
o  o  o  «-i  cm  r-j  re  re  v 


O'0rjffi<fO^w03<rO'0Na3j 
iiiiiT'O'CNEajff-ci'OHrtrjNti 

CM  Cm  CM  CM  CM  CM 


r-'-i'-'-  ■ 


1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 


227 


Table  D5 

ESTIMATION  OF  FLOOD  FRONT  ARRIVAL  AT 
THE  PRESSURE  TRANSDUCERS 


x 

L 


Run  14 


~ t  -  to) 

(secs)  AL (1  -  Swi") 


Run  28 

q(t  -  t.y 


t  ~Q' 

(secs)  AL ( 1  -  SwiT 


0.00 

112 

0.000 

102 

0.000 

0.09 

153 

0.013 

133 

0.009 

0.18 

194 

0.026 

169 

0.019 

0.27 

245 

0.043 

225 

0.036 

0.36 

321 

0.067 

250 

0.043 

0.45 

408 

0.095 

311 

0.061 

0.55 

474 

0.116 

347 

0.071 

0.64 

556 

0.142 

388 

0.083 

0.73 

617 

0.162 

439 

0.098 

0.82 

714 

0.193 

475 

0.108 

0.91 

770 

0.211 

506 

0.117 

1.00 

- 

- 

- 

— 

APPENDIX  E 


EXPERIMENTAL  RESULTS  FROM  THE  LITERATURE 


Table  El 


EXPERIMENTAL  RESULTS  FROM  WIB0R6  (32) 


w 

K 

c 


111.4 

16.7  darcys 
34.5  dynes/cm 


4  =  37.1% 

D  =  5.08  cm 

Dow  Corning  Oil 


s  . 

W1 

% 

Q 

cc/hr 

9.6 

160.0 

10.0 

80.0 

10.5 

5.0 

10.8 

15.0 

9.5 

30.0 

9.2 

2.5 

10.2 

20.0 

9.7 

60.0 

9.5 

320.0 

v0  W2 

Pw  ~  ' /  C*oK 

1. 636x1 02 
8.1 80x1 01 
5.113x10° 

1. 534x1 01 
3 . 1 87x1 01 
2.556x10° 
2.043x10° 
6.1 35x1 01 
3.272xl02 


Breakthrough 

Recovery 

(%I0IP) 

25.9 

25.0 

32.8 

31.2 
26.7 

31.6 

29.9 

26.6 

17.3 


' 

EXPERIMENTAL  RESULTS  FROM  BAIRD  (33) 
Dow  Corning  Oil 
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Table  E3 


EXPERIMENTAL  RESULTS  FROM  de  HAAN  (30) 


il 

IS 

P- 

o 

<},  =  33% 

K  =  200  darcys 

D  =  6  cm 

a  =  30-50  dynes/cm 

No  connate  water  present 

1\Vuw°2 

TT  Vc*oK 

Breakthrough 

Recovery 

(%I0IP) 

2.308x10° 

90 

2. 885x1 01 

86 

6.929x1 0^ 

65 

5.771x1 04 

66 

u  /y  =25 

M07  W 

1. 846x1 01 

81 

2.308x1 0^ 

34 

5. 544x1 03 

32 

.  ■ 

• 

t 


